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THEME

In 1973, the 16th Guidance and Control Panel Symposium on Precision Delivery
Systems was held at Eglin Air Force Base, Florida. USA. Many important advances in
guidance sensor technology, control system implementation and overall missile design have
taken place since that time.

It was timely, therefore, to hold a symposium in 1980 on Tactical Air-Launched Guided

Weapons. The symposium treated both air-to-air and air-to-surface missile systems with
emphasis on guidance and control technology and its impact over the recent years.
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PRECISION FIRE CONTROL FOR
SEMIACTIVE TERMINAL HOMING MISSILES

Dr. J. B. Huff
Director, Guidance and Control

and

J. L. Bauma'n

Research Engineer

US Army Missile Command

Redstone Ars6nal, AL 35809

SUMMARY

Since the inception of the laser semiactive terminal homing concept in
the early 1960's, much subsystem and system hardware development was required

to make the idea feasible for laser guided antitank missiles. Most of the
efft-rt was concentrated in the development of "low cost" seekers, reliable

laser designators, and test programs to validate the feasibility and accuracy
of tile concept. In the mid 1960's the US Air Force demonstrated the capa-
bility of this combination for bombing with surgical precision which made
prime time news in the latter days of the Vietnam War. Since that time, much

Tri-Service effort has been concentrated on the development of systems for
semiactive laser terminal guidance for armored point targets. This paper

concentrates primarily or the US Army Missile Command's technology base for
development of the precision pointing and tracking or fire control for laser

guidance. General requiretýnts are transformed into specific design param-
eters for target acquisitiun and designation; technology hardware and

performance are described.

A new target designation performance evaluation method, developed out of
a specific need to handle large quantities of data, is discussed.

INTRODUCTION

The fire control for I !;(er t:ermiactlve ivuldance encompasie!s all the functions requIred to find targets,

track targets, precrisely Point rite laser designator at the target prior to and during missile flight, and

to assess the damage following target engagement.

Target acquisition capability is highly dependent on target, scene, atmospheric, and system character-

istics. Primary targets under consideration are hard armor, tank-type targets which could be situated in

a highly cluttered environment. This type of target will offer a low target to background contrast signs-

txre. Also, target engrgement could occur during limited atmospberic visibility caused by haze, fog, or

obscurants which might be introduced in a typical battlefield environment. Engagement could occur either

during day or night time. The problem is compounded by the fact that this engagement will take place from

a he]irnoptor flying low altitude nap-of-earth. Low altitude target acquisition introduces its own peculiar

set of problems in that the sensor viewing longitudinal footprint tends to infinity, and all the target and

scene information is compressed in the display in the vertical direction. The small size target, the low

target-to-background signature, the high atmospheric attenuation, and low altitude viewing angle all tend

to make target detectioa a very difficult task.

Target designation peiformance is more system dependent than acquisition. A measure of designation

performance is the ability to point and maintain a laser spot on a vulnerable predetcrmined target hit

point to insure maximum kill probability. The pointing precision of a narrow laser beam| is dependent on

how well the operator can perceive the desired target hit point, the viewing sensors apparent magnification,

the operator's or machine's ability to track the target, the colinearity or boresight between the laser and

viewing sensor, the intervening atmosphere, and the stabilizing qualities of the sight. The fact that

target acquisition and precision designation must be accomplished in a helicopter vibrational environment

makes the design tasks far more difficlit. The nature of the helicopter vibrational spectrum is primarily

deterministic driven by the well-regulated main rotor freqt'ency. The knowledge of both periodic transla-

tional and ang,|lar vibrational accelerations at the electro-optical stabilized sight mounting location is

helpjul to the servo deti gner, bitt rite large amplitudes of the vibrations strain the ingenuity of the

aervo designer aid trlte state-of-the-art of thteuoretical and mechanical stabilized sight design.

REQUIREMENTS

(ii;|,itatlli.lt IV' o r;itt(Iloti | retjtireisuti mti; mieN in' tranttformed into (juanti tilt lve valuout to provide tile

ty,te'm ties igner a !;lari tug Poiit. Target. sptlsitiotion qualitatively involves finding anid determining that

in(i objuct In tin Aigagal,'lh targel front a given range within spec iftied target, scene, and atmospheric

thtract ron stirfs. '['h(i dciii tLrit pr oult irtlri nvou]n',,s t;earching a target sector, detecting, and recognizing

military rarguit.



TARGET ACOUfSitiON

SRecognition is a level of discrimination between specific objects in a class of similar obje-ts. The
class of objects nay he all vehcles of military interest. The specific ob.Jects arc tanks, personnel
carriers, trucks, etc. The difficultv of the discrimination level varies with the amount of detail needed
to riake a distinction between targets, which in turn is a function of the rat-bee of objects In the class
and the similarity of the objects. In typical Army surface-to-surface scenarios, the discrimination
1;sJaf•lv varies with respect to the front, side, or three-quarters \e wing ascet. -re following approach
to rceeognititn performance is based upon a concept originally proposed by Johnson fro- the US Anm,' Night
Vision Laboratory, birs method assumes t.ud.• target rccognition probabilit I I. a function of the number
ot ba, pattern cycles whicu, can 1,- resolved across tile minimumi target ditl-ns Oiii. TIhis '"t rgt ,ýiuivalent"
bar pattern is one whose bars have a visual contrast or temperature difference equal to that of the target
to •s background, The relationship between probability of recognition, PR' and the number of resolution

c';- cs g, f; mist be detet -.tied on thie iass c,f field experimentation. Erpcrlcal data, acensitivt' to the

aspect or azimuth witl: wh"ichi the target is vieweid are shown in Table 1.

I)etection is a lower order discrimination than recu,-nition 't is defined as the determlnatior that
Sa I' try • -•J object is :'otent ialiy of mnlitar, interest, A contrasting object Is singled out fcr closer
ccr;ý'inv wie, it is detected. object motiCi, dust, gunflash, or smoke provide additional cues for target
detection and significantly increase the probability and decrease the time to detect. Whiatever thie reason,
detection occurs when thie observer's attention is called to a particular object of potential military
value. The ability to detect a targe' in a cluttered background requires a low-order recognition capability.

h Iig1 le"vel of JdLaii is needed to splirat, tile target from the background if the background clot ter lias
a -' de'greeci strictiure. FielJ cxspirience -Iemnstrltcs that for geoneral -medium to low clutter ap'r.oxi-
5-It Y quarter of tirL resolution is seeded for detection a, for r Zriition k' to 4 cc],'- ,equired)
.ablc 2 gi'ves each a relationship between detection ilrobabil. tv and nuriuber 0t -CI7S across the target
cr~trcal dimension.

:Adi, 1. PRCbA.%li. I Y OF PlyC t II ION !i'.5LE 2. I'Rt ýI;A 0LI'l oP: DFitCT! .N
ErhiR AR2-i" V1ihiC<hS Flt ,AltF P VPhillLLc

co Front Vie' -I Side Vire Probability -T -linimua Target
Co" X. of Norr_' er of o: Dimension

Rte', rg t-on ) L' ie vcl s f (reI I ,:tin (I'.) Nurber of Cycles (fn)

12

G.80 1 4 .5 O. S01.

1. 3 1. U

0.30 322 0.30 0.75

O.I 2 I 4.5 l 0.50 1.5

0.02 1 0.75 .01 0.25

L 0 0 0 L

For quantiflhi he puarposes, the equivalent target can 5' defined as a flat board, perpeneicular to the
viewing sensors linc-oi-sigilht (LoS). li;e target board size shou1l be comparable to the tainir.um target
dine',ision, approxirsatcly 2.3 x 2.3 m. The targets contrast between idjacent bars (a line palr) can be
spe ified eonsisren.t with, the target-to-background contrast in the spectral region of the viewing senSor
for the specified military target. For sensors in til visual or near infrared p1c tro-i, tiu tentra-t can
,et dciinad as itee rati. of tlh targ, tL ,,T acd background, RB refIeCtivities

or ith Cre raolt of the target and background temperaturt' for far ilfiared viewing sensors. Target motion
,oe, not :;ignill nit ,' a' tert tl.e irrno ct'lrl:tv of Xt-gnit ,'t to :Itr Cxtent that .'cariC'- s aqspe'ct of

the target ray 1e) vlticed prvidinZ, rore information for recognition.

Pi;1  viewing soisors contrast as perceived at tire aiertire is det-'nined bv tie llh,mination level
in cilelit on tlor ,'iewe"d target , the targe-t and backgrcund refmlot-I.iitic';, and the coetra't losses in the
.itlDirit- ,con.itctrat l.s--s or attll-liC: Ion tOic'; tl.' auvcs'ii-(ri- between rhe targe.t Ind thie SeýsOr
,i..-r l-r ev-n oc o'.f Onc in tcrns if v'ishisllit". .in:! sk'.-to-'rouird ratio. Tilt atncspher;,- visibility for

:i-£%•n .:.,1, kcl 'c .1 :'e i~: ~ n '- ,l- pr .~ :,l l qc ~ u - aP- t...n. i •.!•-i [ ... •;I - 1r:" 1 " ', .1

,- 'r15 t Lg-- i thit is :1So1 'Id limiz cd. lie V'.-'-
1 -,I '.ii r a i- , I, cc lest th, ratio Mi te:v ritrtnt:s-

e ' i: Xl'"2:< grotui~l. Wiioii,'.- .iev.inc ai targlet fro-. i-'..- ult it1•¢ with. cii bright svc hiig i si'-to-b~ickgrot nd
ratiol t'. tn(' 'coi''., s'gnifieanoL -crtrst , s lost and ti'v la L- l I i ct-It to disc t. Th1 dtntrIs!

loes due' t ! th! aLrespilerc -an be cal;i r;.3 as

1-
1 + - ( ~

4!



10-3

where Co is the target-to-background contrast at the target location or zero range, C is the target-to-

0 S
background contrast at the sensor aperture and T is the atmospheric transmittance, an exponential function

of range to target.

Loss of target-to-background contrast significantly degrades target detection and recognition, whereas

resolution loss through the atmosphere primarily degrades target recognition. The primary cause of reso-

lution loss is due to turbulence. The strength of turbulence is defined in terms of a refractive index

2
structure function, CN , which is a strong function of time of day, atmospheric temperature profile, and

a weaker function of atmospheric pressure and humidity. Experimental results with electro-optical systems

indicate that the effects of turbulence are quite severe at ground level and quickly decrease with altitude

of the sensor, High quality LOS stabilization is essential to good image resolution and target recognition.

A typical three spectral system diagram along with performance measurement quantities is shown in

Figure 1. It presents the points discussed previously in this section concerning detection/recognition

criteria; target size, contrast, and motion; illumination; and atmospheric contrast and resolution losses.

LASER RANGEFINDER DESIGNATOR

DIRECT VIEW

ILLUMINATION RELAY EYE PIECE
LOS STABILIZAT FOV OPTICS

CAMERA

Y A TMOSPHERECOGNTON TV ,_ .ELECTRONICS

I~t E C P VRT-RB CR

T RATMOSPHERE(VISIBILITY CONTRAST TRANSFER FUNCTIONLOSSEýS)"" EECP AMPLITUDE RESPONSE
RANGE SCAN MIRRORV

LEDS
TARGET DESIGATIO

SIZE FVOTC
STATIONARY. MOVING FO PISTV CAMERA

X LINE PAIRS - DETECTION 
£V VCAR

Y LINE PAIRS - RECOGNITION FI

C I RT - Re 
PROCESSING

C - ELECTRONICS
0 Re NEAT DETECTORS

Figure 1. Characteiization of target acquisition requirement.

TARGET DESIGNATION

The target designation requirement is totally defined by the bebavior of the laser spot on the target

required by the missile system. In order to meet the probability of hit specified by the missile system

designers, the late'r spot which the missile is guiding on must exhibit certain characteristics. First,

the spot must be F1a.:d on a vulnerable location on the tank. This requires that the target designator

operator, detect and recognize the target, place the aimpoint reticle on the desired hit point, and maintain

it on the hit point during the duration of missile flight. Elec-o-optical target designators usually

have an automatic tracker feature which allows the operator to lock-on and automatically track the target

irrespective of motion as long as the target is visible through the viewing system. The operator then has

the capability to minutely perturbate the LOS (reticle crosshair) to achieve better tracking than provided

by the autotracker alone. This is especially required for nonsymmetrical targets. The process of

selecting and placing the reticle on the desired target hit point by the operator involves some inherent

aiming error. The instantaneous alignment between the laser beam and the electro-optical viewing sensor

must be adjustable to compensate for manufacturing tolerances and drift. The method of adjusting the

alignment or boresight procedure has some inherent error. The alignment is also susceptible to error due

to structural drift caused by temperature changes and gradients. This type of boresight drift can, for

the most part, be considered slowly varying with time with respect to the t)me required for a missile

flight to target. Both the boresighting procedure error and the boresight drift can be combined and

labeled boresight error. The aiming error and boresight error In well-designed target acquisition and

designation systems will generally vary slowly with time to the extent that they can be considered time

Invariant over the short time of maissile flight to target.

Equally important as the steady-state aiming and boresight error are the time varying errors. These

errors are generally induced into the stabilized sight by helicopter vibration which the sight In not

able to stabilize out completely, such as impulses caused by onboard gunfire blast pressure or mbeihantcal

shock transmitted through the airframe, man-induced motion into the tracking, or just poor servo ur auto-

matic tracker design. These time varying stabilization and tracking errors range from tenths of a Hertz

to 50 and 100 iz. Atmospheric turbulence can also have an affect on beam motion. There is some rationale

for spectrally separcting this error into stabilization and tracking error since the automatic tracker and

any errors induced by the operator would be low frequency, generally below 3 |Iz. Further definition of

the error categories Is contained later in this paper.
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The jL-',idy-state aiming and boresight error combined with the time varying stabilization and tracking
error make up the total pointing error. This total pointing of the laser beam, coupled with the diver-
gence of the laser beam, is what guides the missile to target and ultimately determines the performance of
a well-designed missile system. Characterization of a typical precision pointing system is shown in
Figure 2. More will be discussed on overall pointing errors and their measurements later in the paper.

•4• [~LASER RANGE FINDE R/DESI .PNATORI

BEAM DIVERGENCE STEUCTURA
ATMOSPHERE

JITTER (ABOUT THE MEAN) s ii

TIME VARYING CONTRIBUTORS TORGUER HELICOPTER
STABILIZATION GI1MBAL DISTURBANCE
TRACKING
STRUCTURAL BENDING
ATMOSPHERIC EFFECTS
OTHERS _T

DESIRED •- MEAN ERROR (FROM DESIRED HIT POINT): T.K

HIT STEADY STATE CONTRIBUTORS
POINT SENSOR BORESIGHT

OPERATOR AIMING
OTHERS OVERALL POINTING ERROR = f(ox, ey i, V, RANGE)

Figure 2. Characttrizatio, of target designation requirements.

TECHNOLOGY HARDWARE DEVELOPMENT

The launch and guidance of laser semiactive missiles from helicopter platforms to destroy hard armor
at extended ranges is an extremely difficult task which pushed the state-of-art in many areas. The
successful accomplishment of this task depends on both the laser seeking missile system and the target
acquisition and laser designation system. The burden of accuracy, however, falls squarely on the quality
of designation. The target acquisition and designation system is compos-d of subsystems whose design and
development cross many technological areas. As shown in Figures 1 and 2, the laser, long focal length
optics, television, and night vision subsystems must all be integrated into the confines of a small turret
and structurally maintain in alignment with precision normaily associated with optical bench experiments
found in laboratcries. This delicate equipment must then be stabilized to point at the target with a high
degree of accuracy in a severe vibrational environment to meet system overall pointing requirements at
extended standoff ranges. The purpose of this section is to describe the hardware technology efforts in
the US Army Missile Commnnd's Guidance and Control (G&C) Directorate in Automatic Tracking and Integrated
Fire Control for airborne target acquisition and laser designator systems.

Studies were conducted as part of the C&C precision designator technology program to determine the
various stabilization and tracking concepts wnich could be utilized to mechanize a precision airborne
Laser designator system with tie capability to search, identify, acquire, automatically track, and designate
targets from long standoff ranges. A survey was made to determine which systems already in existence might
be potential canJlidates to provide this function and concepts of existing systems were modeled and simu-
lated. Based on the studies, surveys, and simulated results, it was determined that two basic concepts
for stabilization and many concepts for automatic tracking existed, each concept exhibiting advantages and
disadvantages; no concept was clearly superior over the other. As a result, two systems were selected,
each with distinctly tdifferent approaches to stabilization and automatic tracking.

STABILIZED PLATFORM AIRBORNE LASER (SPAL)

The SPAL is a day-only precision technology airborne laser designator system configured into a pod
for lielicopter mounting (Cigures 3 and 4). The pod is 20 in. high, 11 in. wide, and 60 in. long, with a
20-in. diameter turret. 'Tue weight Is 326 lb, with an additional 65 lb for the control panel and cabling.
The forward turret asstembly contains tile stabiliziný gimbals and sensors, and the aft pod assembly contains
power supplies, electronics, and approximately 2 ft" of space for future growth. Tile forward turret
assembly may lie detached from tie afi pod and Installed on tile nose of an AII-lG Cobra [Helicopter. Primary
subsystems for SPAL are iLOS stabilizatton, TV viewing, automatic tracker, laser designator/rangefinder,
and the laser spot tracker. LOS rate stabilization ts provided by a conventional two-axis (azimuth,
elevation) gimbal set. T'he turret assembly contains the optical receiving and transmitting windows and
Is slaved to the azimuth $imbhal axis to decouiple wind loads and keep the respective windows in front of
the trannsnitting and receIving opticl. T[hlie elevation gimhnl serves na n one-piece structural platform on
which Is mounted tih' optical telesope and vidicons, the laser designator, the ]jher range receiver, and

a laser spot tracker. Target acquisition is provided by a closed circuit 525-line, 2:1 interlace, 1:1
aspect ratio teiev;,iInln !;ystim :inrfisting of a 2-field-of-view (FOV) catadioptic telescope, silicon
vldlconi (One each for the wIih and narrow field of view), TV electronics (including electronic enhance-
merit circuiIts), aid a headsl-Up high 1hrlghtness monitor for operator viewing. Tihe SPAL gimbnl angles can
be controllId i1i tile' manivil. tracking mode by Inputting glm~ii1 stcw rate commands as a function of operator

control ,f Ici ijlspirjccmenvt or by an automatic tracking mode. Tue SP1AL cutnmatic tracker is a multiple
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I adaptive gate, area balance, video contrast tracker. By operating on the noncomposite video sigi~al from
Sthe TV camera, the tracker gates automatically expand to the edges of the target contrast defined by the

target to background contrast ratio. The tracker commands control the servo to track the target centroid
atLtomatically.

Figure 3. Stabilized Platform Airborne Laser (SPAI).

Figure 4. SPAL, Helicopter mounted.

Ii

Significant achievements accomplished with the SPAL were: (1) acquisition and automatic tracking of
stationary and moving targets at 9 km, k2) target recognition of various types of vehicles (based on
operator's performance), and resolution patterns (based on Johnson's criteria) at 5 to 6 ki, (3) laser
spot peak-to-peak jitter of 4 in. (measured at the target for designation ranges of 2 to 3 km for automa-

tically tracked targets, (4) laser terminal honing seeker acquisition and lock-o.., at 4 to 8 km of energy

reflected from target designated by SPAL from a range of 4 to 8 km, and (5) laser designation for techno-

logy terminal homing missile launches with direct hits.
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STABILIZED MIRROR AIRBORNE LASER (SMAL)

The SMAL pod is a day-only technology precision designator pod (Figure 5). Its basic dimensions are
16 x 72 in. and the weight is 265 lb exclusive of cabling and operator's control panel. The primary sub-
systems which make up the SMAL are the operator's panel with the 875-line high brightness TV monitor, the
thumb pressure control stick, the mirror stabilization with azimuth turret, the multispectral tracker, the
low light level TV camera with continuous zoom optics, laser, and control electronic3. The multispectral
tracker does not operate from TV video signals but employs a fixed FOV and a mechanical scan aperture.
The tracker collects target and background spectral reflectance information in three-color (green, red,
near in•frared) regions and computes a composite error signal used to control the servoed stabilized mirror
to center the target in the operator's display.

Figure 5. Stabilized Mirror Airborne Laser (SMAL).

The basic mirror stabilization error was less than 20 prad, well within the LOS error requirements.
However, additional image motion was induced by structural bending in the very long optical bed.

TEST PROGRAM AND PERFORMANCE

A well designed test and instrumentation program is essential to assess system performance and poten-
tial performance problem areas. It must be remembered that the errors being measured, especially for
stabilization, tracking, and overall pointing, are so small that in many cases the instrumentation resolution
and test-induced errors are the limiting factors. The performance test program should consist of at lez-st
two levels. Major subsystems following fabrication, prior to system integration, should undergo complete
laboratory performance tcsts. The laser should be Lested for all key performance parameter especially for
boreaight drift with respect to its mounting points. If the laser exhibits significant boresight drift in
a laboratory environment, overall pointing error will probably exceed the design specification. The day
and night sensors should also be tested in a laboratory. For daylight viewing sensors, the Amplitude
Responi.e and Contrast Transfer Function should be empirically obtained from the display through the complete
subsystem to the objeccive aperture. For night imaging sensors (FLIR), the Noise Equivalent Temperature
Difference (NEAT) and the Minimum Resolvable Temperature (MRT) should be measured in the laboratory. These
laboratory performance measures can be substituted into target acquisition models to predict expected
target detection and recognition ranges.

After integration of the subsystems and system integration tests to eliminate subsystem interferences
and integration problems, the major subsystem performance tests should be repeated in the laboratory to
Insure that no system integration problems exist which would reduce target detection, recognition, or
overall pointinL performance. These test recommendations are the results of design and development cycles
on at least three technology systems and will result in identifying potential system and subsystem problems
early. Following integration into the helicopter, the flight test is next performed to measure target
acquisition and designation performance in a realistic helicopter vibrational environment under conditions
which simulate target engagement. The laboratory subsystem and system performance tests, if conducted
properly, can he used to predict and correlate with thP flight test results.

Target detection and recognition flight tests for the SPAL consisted of a sequence of runs where the
helicopter would approach the target array from 9..km standoff range and fly toward the target array with
a given spred, aitiLtde, aspect angle, and maneuver. The helicopter would maintain these parameters until
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the target array was overflown and then would fly back to the 9-km standoff starting point for the next run.

The target array usually consisted of the laser target board, an armored personnel carrier (either stationary

or moving) along with stationary resolution boards (Figure 6). A video tape recorder was mounted in the

AlI-IG Cobra to record system video. In addition, system video was transmitted to the ground test van located

near the target array through a modified 12-MHz bandwidth transmitter. IRIG-B reference timing was super-

imposed on the video signal and recorded.

RESOLUTION RESOLUTION LASER SCORING

EQUIVALENT TO BOARD BOARD BOARD
12 LINES ON THE
TARGET

EQUIVALENT TO 0
16 LINES ON THE ] TI M113 APC
TARGET

- STATION TARGET BOARDS (2.3 BY 2.3 ml

MOVING TARGET

/ / / /
/

,' /S/
//

/. LASER SCORING CAMERA

Figure 6. Target array.

A review of the video tapes from the helicopter mounted recorder and transmitted TV video showed that

with repeatability, che SPAL system can resolve 6 to 8 cycles on a 2.3- x 2.3-m target board from approxi-

mately jOOO-m range while flying straight toward the target board at 60 to 100 kt at 100 to 200 ft altitude

above ground level. Military personnel (at least 10 observers) viewing the video tapes consistently

recognized or identified the moving military vehicle as an M113 armored personnel carrier at a standoff

range of 5000 to 7000 m. Most of the observers were able to do this at approximately 7000 m. The SPAL

operator (unfamiliar with the test area) had no problems acquiring the target consistently in the wide FOV

and tracking (manually or autotr.ck) in the narrow FOV. Both stationary target boards and moving M113

targets were automatically tracked at various ranges out to 9000-m standoff range. The tracking perfor-

mance, especially the ability to maintain autotrack, is highly dependent on the amount and type of scene

clutter surrounding the target,

The SPAL laser designation flight test was designed to measure the ability of the operator and SPAL

system to hold the laser beam on the desired target hitpoint, the laser beam motion around the hitpoint,

and the reflected energy from the target. These measured data were gathered as a function of the type of

target (target board, armored personnel carrier, or tank); whether the target was moving or stationary;

the helicopter speed, altitude, and type of maneuver; and the mode of tracking (manual or automatic) in

which the SPAL is being operated. The objective of this phase of testing was not only to obtain accurate

data on the pointing, tracking, and stabilization performance of the SPAL system, but also to determine if

and at what standoff range the SPAL performance would be sufficient to be used as an airborne laser

designator in the technology missile firing program. A test range setup similar to the detection/recognition

test was used except that laser scoring cameras and reflected laser energy measurement instrumentation were

required. Laser spot data were collected with a silicon vidicon TV laser scoring camera. The coordinates

of each laser pulse with respect to the center of the target was calculated on a frame by frame basis from

16 mm film made from the laser scoring camera TV video. Laser spot centroid data were also calculated by

another completely independent system using an intensified vidicon which was gated to record each laser

pulse. A processor operated on each frame of video to calculate the coordinates of the centroid of each

laser pulse. A video threshold (adjustable) level was set to define a contour around the laser spot.

Thus, all voltages in the noncomposite video signal greater than the threshold represent imagery of the

laser spot. An algorithm in the processor automatically computes the centroid in X and Y coordinates of

each laser pulse reflected from the target with respect to a desired preset reference (X - 0, Y - 0) hit

point. The process then calculates the statirtics (mean and standard deviation) of a sequence of laser

pulses over some interval of time. The processor can perform this task in real time or on video recorded

with the laser scoring camera. The two methods of computing laser spot centroid coordinate data were used

as checks against each other.

The test runs were conducted with the helicopter flying straight toward the laser scoring target board

at a nominal altitude of 150 ft at a nominal forward velocity of 100 kt. Some runs were conducted at 60-kt

velocity resulting In no noticeable difference in laser spot jitter even though somewhat higher vibration

levels were experienced at slower speed flights. A slalom n'aneuver (fly-in while banking 30* from aide to



tside) wav pieiot.mned to introduce excessive hcllcopter tracking metior. During this maneuver, the laser spot
jitter did not increase appreciably in the automatic tracking mode, however, the laser spot was off the
target scoring board a significant percentage of the time in the manual tracking mode such that statistics
of the laser spot coulo not be calculated, A typical plot of cantroids of the laser spot in X and Y coordi-

nates versus time for a 5-sec interval around 3 km for manual tracking is shown in Figure 7. The overall
l'o nttng error for manti:i! tracking was in excess of 125 urad and was not categorized as being precision
pointing a'; required by laser terminal homing nissiles. A tise plot of laser ap)t centroids for the
automatic tracking mode is show1n in Figure ýS This plot represents data with "standard de,'!ntlons" (time

v:t.'i,,' spot r,,tion - stahbI tzation and Lracking) of j0 to 1I t'rad and "means" (time invariant spot displace-

went - al it:ino and boreI ght ) of 2, to 40 t-rad at 50CO-i standoff range. This represents overall pointing -

'IISaLuraCieti Of 1-s• than '15 otad.

1 -

¶ ~41

Flrg'.re' 7. l'yiic;al plot of la~,er s+pot CL-ntroid Figure 8. Typical tinte plot of laser spot centroid
dis+pla--:t-ni.. "¢t'r.us time' for a 3-krn tranur.l at 5-km standoff range.

S[t-:4•kv run•.

; ; LASER SPOT CENTROID DATA ANALYSIS
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"perfectly" (borenighting procedure), sensor raster drift, and internal laser boresight shifts. Time I 7
varying angular misalignment between the laser beam and the viewing sensor LOS induced by structural
deformations due to vibration will tend to be periodic and high frequency. Due to the nature and source

.- Of the misalignment, this error should be categorized as structural stability error instead of boresight
and would be considered part of the stabilization error. It is assumed that boresight error during a run
is limited to values which are an order of magnitude smaller than the overall pointing error and can be
considered time invariant for this analysis. -

Aiming error is the angular misalignment between the viewing sensor's LOS as defined by a perfect -

reticle imaged on an ideal target plane with respect to an imaginary line from the sensor to the desired
hit point on the target. This error tends to be very difficult to measure; the only point at which to make

* the measurement is the sensor's imagery. Aiming error will most likely be on the order of the sensor's
resolution limit, otherwise, the operator would have the information to aim better, thereby reducing the
aiinig error. This error is causzod by Ir.perfect definition of the ideal target point, TV resolution,
hum.an/optlzal resolution, and humanh actuation limitations coupled with the pointing and tracking system's
servo response. Experiences have indicated that aiming error is mainly due to system resolving power
limitations when the human is not operating under physiologically stressful conditions. If aiming is
required during automatic tracking, then estlmation of this new aiming error or esrimation of the average
aimlng error during any target run must separate the manual comm.ands from the purely automatic tracker
(machine) coemoands. Since different operators perform differently, the contribution of the operator to
overall pointing error during each test should be estImated to determine a baseline for operator error so
that realistic system performance can be predicted. An average aiming error over a run should provide the
most reasonable estimate Of operator performance. Since the operator is equally likely to aim high as to A
atn low, etc., the average of the run aiming errurs over many runs for that operator should approach zero
with the" number of runs. Since the estimate of the mean aiming error of an operator will likely be zero,
a variance estimate or estimate of the standard deviation provides the only reasonable estimate of (operator)
aiming error,

In previous efforts, some attempt has been made to separate stabilization error from tracking error.
Thts can be done in only an approximate way becauce (1) tracking accuracy depends on the performance of
the rate stobilizaition loop, and (2) the positioning accuracy of a rate stabilization loop can be determined
only by using a tracking system (posttion feedbacK) to provide pointing. If it is desirable to know
precisely how well the stabilization subsystem or the tracking nubsystem is performing during flight test,
then internal system rieasureme-nts must be made while laser spot centroid measurements are made at the
target. The instantaneous Loral pointing error is the vector sum of the aiming error, EA' the stabilization
and tracking error, PSI and the borosight error, B.

METHOD OF ESTIMATING ERRORS

Typical data or. the coordinates of a laser spot's centroid at the target board as a tunction oi time
during a single run are shown in Figure 8. These data give an indication of the typical randomness of
centroid movement. If one is liUsted on]. to laser spot c'ntroid data, the following random darn analysis
method can be used to estimate operator error, beresight error, and stabilization and tracking system error.

:et the laser pulse trine daring a run he denoted by t - n'i with n - I. N and To representing the

pulbe period. Also, let i, I = 1,2,...,1, decote the run number after the boresight operation and by

tie kth operator. If overall aiming crror by. a population of operators is desired and it is not required
to estimate the abilities of indi':idual operators, thtn the index, k, can be ignored by letting the index,
J, include data f.ar all operators. If information about the variance of operator abilities is needed, then
the estimation sthouald be done for ,lath operator and the overall operator error ccr.puted from the individual
criero. 1he latter appioach ia taken here and th.t index, %, is used.

' vh 'tiite for the data of the i th run, jt boresighr, and kth operator is

X x

nrl
(1)

a ;V

iiY jk 1ý 1i " lil,

-'t i-t

whre > n Y arL" Lo rdinatc of the laser spot centroid at the pulse time, n, during run number, i,

at u-a t,,ra)att nalrah,.', r . ierform(ed by IOaerator, k. -These mswan tasttmar~ts Include hota aiming and boresight
e r r<'r ¾.

:ac'a sia;thl tatIotl wit, h tracking i;s a retatiiona control |'races5. whacil attempts tc null the e.rror, its

r a(2)

IL aa'i.:l •" t ; 't .t) - I" j

y -- ,I
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This error is a random variable with zero mean; it might be simply characterized by the variance:

G2 1 Ix (iTo)
sxij'k N 1 b oj

n=-1

(3)
S~n-lN 3

"syilk -il t•yij k(STo)

Total, single-axs stabilization and tracking error would then be given by one of:

2 1 V K

s JK -sxijk

i=1 j I k=l
(4)

2 1 K 2
Iy s K v £ k svijk

i-l j-i k-l

provided stahilizatton, borcsigliting, and aimlng, errors are inde;,endent as they are assumed to be. Bore-
sight error should be nearly constant between frequent boresightings. That is, the frequency of boresightir7
is determined by the assumption that changes in boresight error are small compared to the boresight error
itself. Since these changes can anly b,: observed from laser spot data, these data must be processed
continuously to determine when to re-horesight. 'The contribution of aiming error to xl. over all runs

should sirt to zcre; that is, the neon of the aiming error contributioln to x should be zero. Thus, the
lorucighLt ,rror for each horesighting event sAhould be

I I

L y I ' y

l ijk 1 b BJk -Aijk

;1 i=1
(5)

1lj = . 'iJk =M i (Y, biJk * 'ik

1=1 1-a

whercin x aud y are the rentrlbutr tons of aiming error to x and y The boresight contributions
A'Nk - ALi k fjk 1Jk

are de'noted by HBijk and Yijk ,' As4 mentioned Previously

- >Aijk 0

i-1

Sinci the varlouq boresightLing events, 1-1,2,...J, should not produce a systematic boresight error, a check
on tihe validity of c and t or an indication of no persistent boresight problem Is

Bxjt, 'Bvjk

1xxj
i ii

J=l

A\ srpliLy inJicat d in Equation (5), ti., aining error aL each run could be described by

"Axijk x 9,,j' ijk xhit0

t Ajvik Aijk YJk Y Bijk

ihi; error is rxtress(id iii tIer., of tiec unavailable quanrIties x and YvLJk" However, if thre boresight

-4 error Aoes not chrge qigniifiantly with time, ,izn approxinately



XBijk =Bxjk

YBijk 'Byjk

so that

C -xAXijk - ijk - 'Bxjk
(6)

EAyijk ' Yijk - 'Bxjk

Notice that, and correctly so, over the (many) target runs

I
C Axijk 0

E 0

i e~Ayijk 0
• i-1.

If £Bxjk and EByjk are random variables over many boresighting events, j=l,2,...,J, and if it has zero mean

over these eents (as assumed and tested previously), then the system boresight error is characterized by

2 1 K V 2

c x "- I ( )
Bi - .K I B. xjk

k-i j-l

K 1 
±(7)

3K LJ
dBy TY I-- (E:Byjk)

k-i J-1

Since the mean of the aiming error is zero ovet the many runs, the variance Is the next best term to use to I
characterize this error:

2 1 K 2
A,,x " 17 (f•tjk)2

k. J-1 i =l,

K A I 1
2 1 l i Axijk)2

A K 'L t v -1 i2 a 1 ¶' '! . 2

k-l J-1 i- I

The (total) system error over many runs, boresightings, and operators should have zero means so that t.here I
are not systematic errors. The variance is the next best way Lo describe this total error and is defined by

2 J K N
2 x -•' S S S xJ k(r'T)

I'(9) 1
I I '• ijk('~'r,, iV e i-sj- k-i n-i

SThe mean of all dsta shoold be zero, otherwise there are not enough samples, or there is a sys•tematic error

whose source rust be determined by other moans. In any' case, since systematic errors will become known ant.
can be subtracted out, the following is obtained:

I J K N ]
i- I J-l k- I n -l

I .3 K

1- 1 -1 1 T).

i-i J-1 x1 n-

,hen thec total systems error, cover mans runs, soany boresigltittgs. and many operators should be precisely
re-lated to the source errors c o and ý1by

A B
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This is seen to be the case by the following analysis showan in the Appendix. The analysis techniques
described in this section were applied to a large laser spot data base and found to alleviate the data
management problem anO' provide excellent results.

CONCLUSIONS

Analytical and design technicues have been applied to translate general requirements into hardware
design. Thee techniques have been converted Lo models that have been validated by laboratory and flight
test perforrninee results. Critical design areas have been determined and good (and bad) techniques have
identified tor both subsystem and system design and integration. Experimental sensor and system hardware
has been de,,eloped and demonstrated to exceed requirements for 2erget detection, recognition, and laser
deaignation. A number of technology missile firings have confirmed tf.- sufficiency of the designator require-
ments. Compact mathematical techniques have been developed to alleviate problems with management of large
quantities of data and provide excellent estimates of system error budgets.
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L APPENDIX

2+0 Y+2 (x- )2 .X " K,
Sx +Ax 

1;K +
ijkn ijk jk

Is __I' g+- ] (x2 -2x + x
2
) + £ (02 2xt.Bx + 2 x K lBx

_ x .. - 2 + B, ) If

iJkn iJk jk;-!

2 + 1 -
2  ( 1 ) 1 -2

-c -2 1' x 1-. IJ'.N (NX IlK

1 2j
ijk ijk jk

= - -2 13 lx IKBx 2 - Ix
"S K cBx

ijk ijk jk

x 2 T l iBx) x B . 1 IK Bx "K Bx

1J jk Jk

2

rnus, this allocation mezhod is correct. In these steps, tie shorthaid notation has been used.

I J K N

ijkn i ijk

x for x ijk (-To)

x for x ijk

C Bx for cBxijk

and have used the facts that

I

kijk Bxijk

CBxjk, •jk tBxjk

It should be noted that the estimates (f x4 will be slightly biased unless

N N

is replaced with

n = l n -1

in thlis calculation. This was not done in the preceding development to keep the notation as simple as

poss it, Iv.
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SUMMARY

Strapdown Or body-fixed seekers with sufficient field-of-view for the terminal guid-
ance of many tactical weapons ar: now approaching state-of-the-art. Such seekers have a
number of advantages over gimbailed seekers, including increased reliability and unlimited
line-of-sight rate capability. The major disadvantage is that inertial line-of;sight
rates are not directly available for the implementation of proportional navigation. To
form line-of-sight rates, the seeker output must be combined with inertial sensor measure-
rents. This, however, results in a potential Instability due to seeker gain errors. This
problen has been minimized by a dithe, adaptive parameter identification approach for the
mea s rement and correction of seeker errors. Simulation studies indicate tne performance
of such systems tan be comparable to that of gimballed seekers,. This paper will consider
the basic principles and problems involved with mechanizing proportional navigation with
strapdown seekers and present performance results for the dither adaptive technique.

l. INTODUCTION

Most contemporary tactical guided weapons employ inertially stabilized seekers for
target tracking and proportional navigation for terminal guidance. These seekers have a
narrow instantaneous field-of-view, nominally less than +3 deprees. in order to increase
the see~er's total field-of-view, the target tracking sensor is mounted on a gimballed
;Ia' which is stabilized wcth respect to inertial space. These cirrballed seekers have
ttU, antage of providinO a d'rOLt measurement of inertial line-of-sight (LOS) rate.
Therefore, proportional navigation is easily implemented, since it requires body rate or

acceleration comrands proportional to the measured LOS rate. Proportional navigation is
hiohlv arcrirate for air-to-surface apolications, and recent studies have shown it is
nearly optimal for minimizing miss distance for these applicaticns. The disadvantages of
inertially stabilized seeker systems are that they: (1) require the fabrication, mainten-
ance a:d calibration of a complex mechanical structure; (2) exhibit tracki, rate limits
which restrict performance envelopes; and (3) are sensitive to missile accelerations.

Recent advances in seeker technology have increased the field-of-view limits to the
point that it is feasible to remove the gimballad platform and fix the seeker to the
missile body thus eliminating the major disadvantages of inertially stabilized seekers.
Examples o0 such seekers are optical and radar correlators, laser detectors with a holo-
g raphic lens, and radar seekers with phased array antennas. These new body-fixed seekers
are referred to as strapdown seekers. These seekers have two potential payoffs. First,
the elimination of mechanical moving pdrts would increase the reliability of the system,
and second, the removal of the gimbals could provide a cost savings.

One of the disadvantages of strapdown ceekers is that the inertial line-of-sight rates
needed for proportional navigation are not directly available. This problem mould be
overcome through the use of a less optimal guidance law, such as pursuit guidance, which
does not require line-of-sight rates. most strapdown seekers provide a direct measurement
of line-of-sight -rror angles in seeker or rissile body coordinates. lheoretically,
inertial line-of-sioht rates can be obtained by taking tne derivative of these angles and
transforming them into inertial coordinates using inertial sensors such as race or atti-
tude cec'os. Practically, if there are even small errors in the seeker measurements, large
--iss distarn es car, result or perhaps total s)stem instability. This has been one o" the
factors, along with limited field-of-view capability, which has prevented the wide scale
use of strapdown seekers in the p3st.

"BACKGROUNC
Beoinnino in the early 1970's, there has been increasing interest in strapdown seekers

as a result of advances in seeker technology. In particular, radar seekers with phased
array antennas, electro-optical area correlators, and semi-active laser seekers appeared
to be suitable for strapdown applications (References 1, 2). Studies of guidance laws
and filtering techniques for implementing strapdown seekers (References 3, 4) yielded

N concepts which effectively lower the navigation qain to reduce the sensi.tivity .to seeker
errors. 1his attempt to compromise accuracy for stability margin led to combinations of
pursuit and proport'onal navigation. One such concept, Dynamic Lead Guidance, had a navi-
gation gain of unity for low guidance frequencies and a gain of 3 to 6 for higher fre-
Quencies. This limited the strapdown seeker to air-to-surface missions and still required
relatively high precision seeker elements. This, in turn, kept the cost of strapdown
seekers comparable to gimbalied seekers with some degradation in accuracy.
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Recent advances in microprocessor technology have resulted in low cost computers for
tactical weapons with sufficient speed and storage capability to continuously monitor and
compensate for strapdown seeker errors, while maintaining a high navigation gain. One
sich dither adaptive concept was developed by Rockwell International and evaluated under
Air Force contract F08635-77-C-0144. This program, completed in April of 1978, indicated
the feasibility of straDdown seekers for air-to-surface weapons using this parameter
identification approach (Reference 5). Using six degree-of-freedom digital simulations
of two typical weapon systems, the dither adaptive concept achieved performance comparable
to that 01 2 gimballed seeker. Realistic models of seekers, inertial sensors, and system
errors were employed, and relatively low seeker accuracy was required.

A second Study, titled Strapdown Seeker Guidance ard Control Technology for Tactical
Weapons (Contract No. F08635-79-C-0187), was begun in May of 1979 and runs through
September of 1980. Its objective is to extend the dither adaptive concept to air-to-air
weapons. The concept was refined to handle the higher bandwidths and fields-of-diew
required for air eniagements against maneuvering targets. The performaice of the air-to-
air weapons with a strapdown seeker compared favorably to that of the same weapon with a
gimballed seeker. The refinements in the concept also reduced the accuracy requirements
of the strapdown seekers, thus potentially reducing their cost. Although developed for
air-to-air applications, the techniques are direculy applicable to air-to-surface weapons.
During the remainder of the contract, a detailed autopilot design will be developed for an
air-to-surface weapon with a particular seeker/airframe combination utilizing the improved
dither adaptive concept. This paper will summarize the results of these two studies to
date, and will provide iisights into the design problems and solutions developed.

3. BASIC CONCEPTS

The major difference between gimballed and StraPdown seekers is that those functions
performed by a mechanical structure in the gimballed seeker are performed electronically
in the strav.dowr seeker. Examples of these functions are differentiation to yield a rate
output, transformation from missile to line-of-sight (LOS) axes, and the removal of body
motion from the seeker output. However, in both systems an inertial reference is required,
be it rate gyros or an inertial wheel on the inner gimbal of a gimballed 4 eeker, or rate
or attitude gyros for the strapdown system. Since the platform of a gimballed seeker must
be physically rotated to track the target, there is a limit to LOS rate. This limit is a
function of the mechanical torquers and platform mass or angular momentum of the inertial
wheel. For Strapdown seekers no such limit exists, making the seeker attractive for high
pertorIIa'Le air-Lu-air weapons. Another oajor difference is associated with fields-of-
view (FOv). For the gimballed seeker it is possible to have a small instantaneous FOV and
a large total FOV corresponding to the maximum gimbal deflection. The small instantaneous
FOV has the advantages of low thermal or background noise and good rejection of false
targets. For strapdown seekers, two basic types are possible. These are termed "staring"
and "beam steered" for the purpose of this discussion. Sketches for each type are pre-
sented In Figure 1. The staring type, such as the semi-active laser seeker, has an instan-
taneous FOV equal to the total FOV. The beam steered type is much like a gimballed seeker,
in that it has a small instantaneous FOV or beam which can be moved relative to the missile
body. A radar seeker with phased array antenna is an example of beam steering. This com-
parison of gimballed and strapdown seekers is summarized in Table I. The major sources
for error in toe line-o'-sight rate output are also presented for both seekers. The
methods for generating the LOS rates for strapdown seekers are presented in the following
section.

3.1 Methods of Generating Line-of-Sight Rates

"Two basic methods of generating LOS rate signals from strapdown body fixed seekers
have been uncovered which tend to be seeker hardware dependent. These methods are termed
"bear steering" and "'dditive rate compensation" for convenience, although no widely
accepted designations seem to exist. They are generally used with "beam steered" and
"staring" seekers, respectively. although this is not necessary (as will be shown in a
later paraqraph). The general forms for each method are shown in Figure 2 for a single
seeker channel. Beam steering will be described first since the other method can be con-
sidered as a special case with fixed beam or FOV with respect to the mis;ile body. The
gecretry of the beam steering nethod is shown in Figure 3. Notice that .he center of the
beam or FOV can be displaced by an angleobeam from the missile longitudinal axis. The
steering looD (Figure 2' centers.the beam on the target by dr 4 v 4 ng the error angle, 'beam.
to zero. The rate gyro signal. 61yrO, removes Lody rate inf= tion from the seeker
out•Jt ,;Xu' bY effectively cancel ing the body att' ude compt. -,it in tbo 4y' In other
words, toe gyre adds posi tive feedback o' body at, ude (OM) 0o compensaLe for the exist-
ing negative feedback. It will be shown that unless the gain and phase differences in the
two paths are small, toe system will become unstable.

Therefore, for beaming steering, only the radome effect and the phaser shifter linearity
a aPn dynamics affect the stabilit. of the system with respect to cancellation of the two

. body attitude paths. Thus, the steering loop, which is made up of signal processing and
seeker loop cooiensation, cat. have less stringent bandwidth and linearity specifications.
The inteorator in the feedback path performs the function of differentiation of the input
sigral and also aids in the control o' steady state errors. This concept has the advantage
of a small instantaneous FOV which results in increased rejection of background noise and
false targets over starong seekers. A major drawback is that it can be applied to only
" certain types of seekers, mainly radars with phased array antennas and onticr l area
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Figure I. Basic Types of Strapdown Seekers

TABLE COMPAR SON OF STRAPDOWN AND GIMBALLED SEEKERS
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correlators, in which the sensed energy can be displaced with respect to the detector by
electromagnetic means.

The "additive rate compensation" technique can be applied to any type of seeker. It
can be considered a special case of beam steering in which the angle between the beam
arc missile centerline (9ha ) is fixed. The angle is normally zero although the beam
can be canted down in pitc if necessary to minimize the required rov. The nominal cant
angle is usually the average trim angle of attack. Notice that the radome effect and the
seeker dynamics must now be considered in assessing the stability effects of attitude
path cancellation. 'he term "radone effect" will be used in a general sense to denote
any distortions of the target energy between target and detector.

In either meLhod the inertial sensor employed can be a rate or attitude gyro. The
only difference will be in the errors introduced by the gyro. As previously mentioned,
a "beam steered" type of seeker need not generate LOS rates using the beam steering
method. If the rate gyro is removed from the beam steering mechanized of Figure 2, and
the integrator moved to the forward pith, then the beam will be centered on the target.
The seeker output will equal 

6
bea' which is approximately 'body for a high gain loop.

Therefore, the seeker output is the same as for a staring seeKer and additive rate com-
pensation can be employed. Since additive rate compensation was a more general config-
uration which could be used regardless of seeker type, it became part of the dither
adactive concept. Errors in the derived LOS rate result from errors in the seeker and
inertial senscr outputs and the processing of thesc signals. Common types of errors and
their approximate magnitudes are the subject of the next section.

3.2 Seeker and Inertial Sensor Models and Errors

The 'ajor component errors fall into three broad classes:

(1) linearity or gain errors: radome, receiver/detector, phase shifter,
gyro scale factor and dynamics

(2) random errors thermal noise, glint or apparent target
motion, gyro noise

(3) offsets: seeker boresioht errors, gyro offsets
or drift

The other errors, such as cross-coupling, sampling rate, break-lock or blind range can
be shown to be of secondary importance, except in extreme cases. Most of the various
seekers studied have coamon characteristirs and errors such that a generalized seeker
model could be formed. This model, shown in Figure 4, contains the errors-mentioned
above along with FOV limits and various models for thermal ioise and resolution or radome
distortion. Both methods of generating LOS rates, 'additive rate compensation" and
"beam steering" can be simulated, depending on which is appropriate to the seeker in
question. Typical values for the linearity errors of strapuown seekers range from 1.0
milliradian for resolution and phase shifter quantization, 3.0 to 6.0 inilliradians for
radome distortion at high incidence angles, and gain or scale factor errors of up to
I' percent. The gain errors are often a function of signal level and location of the

tzrget within the field-of-view.

For the inertial sensors, the same three tyoes of errors exist except that the offset
is ii, general a function of missile accelerations. The linearity errors are considerably
simai 1er for a gyro than fo a typical seeker, and the same is 'rue of noise sources. For
example, the mngonitudes of these errors for an attitude cyro are: linearity error (+I•),
c-sens"tive irift (+.025 degree per second per g), and noise (0.1 degree rms). The rate
gyro has similar characteristics of linearity error (+l), offset (+Il. full scale) and
noise il1- full scale rms). In addition, rate gyros have frequency characteristics which
are us,.ally mooelled as second order dynamics. Natural frequencies in the range of 100
to 600 radians/second can generally be assumed, while the domping factors Vary widely
from unit to unit and also with temperature.

3.3 Errors ii: the Derived Line-of-Sight Rate

Each of the corponent errors causes a corresponding error in the derived LOS rate,
althouoh the sensitivity to each error source is affected to some degree by the method
cf generation of the LOS rate. Gain or linearity errors cause components of the missile
body rate in tie LOS rate, which cause stability problems and errors in the effective
ravigation qai n. Random errors in the seeker and rate gyro cause random errors in the
LOS rate with a res;fItinq loss of accuracy. Finally, con.ocnent offsets or biases can
cause ;'4sets in the derived line-of-sioht rate depending on their location with respect
to the dern .,ative network. Offsets in the LOS rate also result in oegradation of .iss
distance and sore increase in required naneuverability.

The stability problem due to gain or linearity errors in the seeker is considered the

m •ost serious impediment to mechanizing proportional navigation. For reasonable naviga-
tion gains and syster bardwidths. seeker gain errors as low as 2 to 4 nercent can make
some sisters co-s letely unstabie. The f-equency of the instability is often relativelv,
nigh o e.q., 4 to , Hz) making many .iain correction or parameter estimation concerts
.jnworkaole. The Jnderlyina reasons for the stability prob'em can be evplained with tie
aid cf Figure 5. To forn an inertial LOS rate from the seeker error anale, t, and rate
gyro outl.S, r, the qyro output is integrated and added to c. The resulting LOS angle
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Figure 5. Formation of Yaw LOS Rate with Rate Gyro for BTT Weapon

is then differentiated to yield Xr' Proportional navigation is implemented by generating
an acceleration command proportional to the LOS rate Yr using a navigation gain (4Vc/1845).
Notice that feedback of body motion, in this case the yaw rate (r), occurs through the
seeker and rate gyro paths. If the seeker and gyro are perfect, then: Ks = Kg c 1.0 and
the two paths exactly cancel. If the seeker gain, Ks, is greater than the gyro gain, Kg,
then there will be a net negative feedback of body rate which can have a destabilizing
effect on the system. The specific example presented in Figure 5 is for the yaw channel
of a bank-to-turn weapon at a nominal Hlight condition.

",0 analyze t.he stability of this system, assuree that the homing loop (Ay/Ny) is open,
a; is essentially true dt lOng times-to-9o before impact. The static open loop gain is
a function of the gain difference (Ks- .S,. This represents a stationary target case for
"air-to-surface weapons c.r beam aspert in air-to-air engagements. The locus of closed
loop poles is shown in Figure 6 as a function of the percent scale factor error, i.e.,
[Ks- Kd 100 percent. Note that the system becomes unstable for scale factor or gain
e,,-rs ef greater than 43.38 percent or less thar -1.29 percent, and the freq-ency of the
instability ranges from approximately 10 to 40 radians per -econd. Even at gain errors
sor:evhat below these critical levels, the system dampino may be too low for accurate
honing .

This extreme sensitivity is a najor problenr in view of the fact that seeker hardware

exhibiting err(,rS uý to 10 percent is not uJncommon. The sensitivity can be reduced by

in'ireasinti the maneuverability of the weapon (e.g., the lift coefficient, CLt) or by
lowerinn the system bandwidth.. Figure 7 indicates that if the bandwidth cou d be lowered
to less tharn 10 radians/second, signiticant increases in the tolerance to errors could be
realized. 1n6 graph irdicates the critical seeker scale factor as a function of the
deiv.ie nntwi rn. %.orner fr ecuency (wv i . bit for air-to-air nissions , such bandwidths
eae the nissile too sli(jish for hiqh accuracy. Even for air-to-surfacp weaponr s, lower-

irl the syiten. h(nfl wi rtin or nAvigation uaJin is generally not a satisfactory approach.

Another effect of seeker gain errors is a change in the effective navigation gain from
the design value (Figure 8.), However, even for seeker scale factor errors as high as
*i0 .iverce t., the navi-;atior gain is still in the range of 3 to 6. Clearly this effect is
less serious than the stability problem considiered above.

5.
k
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4. STUDY RESULTS

A solution to these problems iS a aither adartive concept for measuring the seeker
transfer Furction at a particular operating point. This is accomplished by dithering
the nissile body sinusoidally in both pitch and yaw axes, dnd corrarino the dither compon-
ents in both the seeker end gyro cutputs. The seeker output is then adjusted to corspen-
sate for any. discrepancies. Simulation evaluation has shown that the system is tolerant
to relativel5, large seeker and gyro errors, such as:

s( stat'ic seeker scaIe factor ertor-v of 4+0 perceuit
(2) rate gyro scale factor errors of up to +5 percent
(3) seeker error slopes of up to t..0 5  

degrees per degree

The use of a geometric transformation based on seeker error angles to transform the rate
gyro signals Intt line-of-sight axes allows the use of fields-of-view approaching 190

degrees. For air-to-surface weapons with small fields-of-view, this may not be necessary.
The dither adaptive concept does require dithering thp airframe at frequencies above
20 radians/second (- 3 Hz) to avoid significant components of dither in the inertial LOS
rate, Peak-to-peak amplitudes of 6 to 8 times the resoluticn or noise levels of the
seeker provide sufficient dither signal-to-noise ratio for proper operation of the adap-
tive system. This translates into a dither ampiitude of roughly +0.25 degree for 1.0
milliradian resolution levels. Missile motion of this amplitude Fas little eftect on
maneuverability or range performance and only moderate increases in the actuator rate
requirements. The dither adaptive concept mnakes the use of strapdown seeters feasible
for both air-to-surface dnd air-to-?Ir wear-ens with accuracy comparaole to systems with
gi)nballed seekers. Additional wary is needed to apply the concept to bank-tn-turn missiles
which execute roll raneuvers at hin-h rates. The basic features and operation of the adan-
Stirve concept are described below along with the results of the sivulatiun evaluation.

4.1 Features of the Dither Adapti.'e Concept

The inputs to the adaptive systenmarethe seeker error anqles (fyth and fzb) and the
mitsile body rates fror. rate gyros (Pb, qb, Pb) as shown in the generalized system block
diagram (Figure 9). Alternately, attitude gyros could be employed in place of rate gyros
for the inertial .eference. The outputs of the adaptive system are the derived or
estimated inertial lie-of-sight rates (Xyb,KZb). Missile body rates are transformed
into appropriate LOS coordinate systems and then integrated so that they can be compared
to and combined with the respective seeker error angle. The transformation matrix is in
general seeker hardware dependen'. When conbined with the seeker angles, the incremental
body motion angles (AMdA,&kLOc) yield inertial LOS angles 'n the C.0S axes. After passing
through the notch filters to remove residual dither components, and the derivative net-
works to form LOS rates, these signals are transformed back into body coordinates. These
Inertial LOS rates with respect to body a~es (kK A ) are then In the proper form for
"mechaniz ing proportional navigation with conventlonaz autopilots. This concept has the
distinct ddvantage of requiring minimum changes to existing autopilots designed to utilize
gimballed seekers. The most significant ele',ent of the block diagram is labelled
"Adaptive Networks". It is these networks which compare the sinusoidal dither componentr
present in the seeker and gyro sIgnals and generate the gain correction factors (%Ky K,)

The operation of the adaptive networks will be explained with the aid of the pitch
" channel block diagram found in Figure 10 . Notice that the two input sigrnals (Bl, 2i) ere

I.
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filtered identically to form signals KB and KB2 which are proportional toD the arpli tudes
of the respective dither components. TNe ratio of these signals is the gain correction
(KI) required in the seeker output to make the gains of the seeker and gyro paths equal.
Therefore, when the two signals are summed, no potentially destabilizing feedback of body .4

rate can occur. The bandpass filters are employed to amplify the dither signal, while
the low pass filter (&JLp) rejects the second harmonic of the dither frequency (cD).
Second harmonics can be generated in the transformation of rate gyro signals from body to
LOS axes since these involve multiplications of signals containing dither. Also shown Is
the dither command signal to the autopilot (qk). The automatic gain control (AGC) cir-
;cuits are designed to maintain a constant dither amplitude on the seeker detector by moni-
toring the dither output of the gyro. By maintaining this constant amplitude, a satisfac. 4
tory dither signal-to-noise ratio is assured.

lo generate a signal proportional to the ampl itudc of the dither -ignal from the dither
signal itself, a detection concept based on the Fourier Transform of the signal was ,t
developed. This Fourier Transform Filter Algorithm is shown in block diagram form In
figure 10. For a periodic input, x(t) , of period T, the outputs ax and bx are the coef- A:
ficients for the fundamental or first harmonic of the Fourier series of the input. In
this case, the period T will be the period of the dither signal (T = 2n/ga), since the F
dither signal is the desired signal and all else is "noise". The gain Kx is then the
amplitude of the dither component of the input, and Ox is its phase with respect to theI1
reference dither signal. The phase difference between the seeker and gyro channel could

thus be determined by taking the difference between the #x quantities for the respective
channels. However, during the current study, it was assumed that the bandwidths of both
seeker and gyro greatly exceed the dither frequency, making the phase correction unneces-
sary. If the seeker characteristic is essentially nonlinear in nature, the K, and #

become the gain and phase of the describing function for that nonlinearity. The running
average is showJn over "k" periods of the dither, where k = I yields the fastest speed of
response, but ,,ultiole period averagin: does provide better rejection of noise and other
disturbances.

The line-of-sight acceleration (X') correction network was made necessary because the
Fourier Traiisform yields a non-zero output for ramp type inputs. But the desired output
is zero for any input except a sinusoidal signal at the dither frequency. A ramp typeinput ca, result if the seeker error angle (CEzb) has a LOS acceleration component ( k'7 )
since the banupass filter in the adaptive network is essentially a derivative network.
The correction network measures the slope of the input signal by taking the difference
in the average input over two overlapping periods, and adding a ramp of the same slope
but opposite sign to offset the ramp component of the input.

The performance of the Fourier filter network is indicated in Figure 11, which shows
tne filter inputs and outputs during the first second of a simulated flight. Notice that
the output is equal to the amplitude of the input as desired, and that the accuracy is
particularly good if the ampl i tude of the input does not change greatly during a single
cycle. The performance of the adaptive network for a seeker scale factor error of +10
percent was computed for one second time intervals with various target maneuvers. The
theoretical steady state adaptive network output equals (1.0/1.1) = 0.90ol. The time
history (Fioure 12) indicates a rise time to 90 percent of the steady state value in less
than one period of the dither, (T- .074 see), with an error in the steady state of less
than 0.5 percent. The steady state performance is independent of LOS accelerations
caused by target maneuvers at short range and also independent of missile motion occurring
after guidance initiation.

4.2 Performance of the Dither Adaptive System

The most meaninriul performance criteria for the adaptive system is the difference
between the derived line-of-sight rate and the true inertial LOS rate. These differences
in general will deurade the ability of tie weapon to impact the target. Therefore, miss
distance becomes anotner useful performance criteria. A comparison of the derived and

V true LOS rates for a bank-to-turn weapon in a short range engagement is presented in
Figure 13. For this tail-on aspect against a 9g- aircraft target, the LOS rates begin
small and inrrPasP a, the enoanement progresses. Notice that the derived LOS rate is
apuroximately equal to the inertial rate except for a de'ay caused by the 40 rad/sec hand-
width of the derivative network (i.e., wOEý = 40 rad/sec in Figure g). The transient
which begins shortly aFter 2.5 seco;nds of f ight is due to the burn-out of the rocket
r.:otor. The static seeker scale factor error for this case was +10 percent. However,
ptr forvance im relatively independent of this error as seen in Figure 14. The accuracy
a d speed cf response of the adaptive networks are not affected by the seeker scale fac-
tor- (1s in Fiure 51 until this seeker vain becor;ne so small that the dither sional can
no longer Le adequately detected. For the case shown, which was for a skid-to-turn
ueav or, this occurs for scale factors of less than 0.20. This corresponds to a scale

factor error of -80 percent. Tris is almost an order of magmitude greater than the
larcest expected error.

SIut seek.r gain characteristics are not completely linear and therefore have errors
in local slope across the field-of-','iew. The ability of the adaptive networks to compen-
sate for these errors is a function o' nissile body rates and the dither frequency, which
control the rate o' rhange of the seeker error and the speed of the adaptive process,
respectively. The high roll rates of some bank-to-turn weapons makes the application of
this Oc.,Le:!t somewhat mcre difficult than for skid-to-turn weapons. Therefore, becausei of the sensitivity to missile body rates, it is difficult to be dpfl itive about the
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ability of the adaptive process to handle nonlinearities, but error slopes on the order

of .05 to .20 degree per degree have been successfully employed.

Another basic seeker error source is the effective resolution of the seeker which can
be represented by amplitude quantization (Figure 15). This error degrades the capability
of the seeker to detect the sinusoidal motion of the missile body. If the peak-to-peak
amplitude (AO) of body motion is divided by the effective resolution (Bf ), then this
ratio equals the number of resolution elements averaged in a cycle of the dither. Fig-
ure 15 indicates that this ratio must be at least 6 to 10 for satisfactory performance.
This plot was generated using a constant dither amplitude (A6) of 0.40 degree peak-to-
peak and varying the seeker resolution. A ratio of 8.0 corresponds to an effective
resolution of about 1.0 milliradian, which is within the state of the art for seeker
hardware. To produce dither amplitudes of approximately +.20 degree at a frequency of
40 radians/sec will require body rates of +8 degrees per second. This, in turn,'will
increase the required rate capability of the missile actuator system by a modest amount.

3.5

3.o

SzEKER4
EASURED 2.5 .

TRUEERROR 5.

ANGLE I MEmTV

0 _

o10 15
Resolution Factor (A6/a()

'!i "Figure 15. Sensitivity to Seeker Resolution Effects

5. CONCLUSIONS

"The results of the two Air Force contracts indicate that a dither adaptive coacept
rakes the use o' strapdown seekers feasible for air-to-air and air-to-surface weapons.
The accuracy of such systemi can be comparable to th3t of gimballed seekers based on sim-
ulations of a number of different types of weapons and seekers. The accuracy required of
the strapdown seekers and inertial sensors is moderate and the increase in actuator rates
to dither the a'rframe is not excessive. Digital irmpl eentation of the adaptive system
appears to be necessary due to the required multiplicaticns, divisions, and geometric
transformations. In addition, the required tolerances on dither freiuency, notch filter
parameters, and systerr gains precludes a,,alog mechanization. lhe concept has the advan-
tage of requiring minimum modifications to autopilots designed to erploy proportional
navigation with ginballed ýeekers. This is due to the fact that the outputs are inertial
line-of-sight rates.

Fut-ure Studies will include other apcroaches to solvrig the problems associated with
strapdown seekers, with eriphasis on rissile performance in high ' 9" ecpaqements, with
current sensor limitaticns and iýassive seekers. Modern control and estimation theory,
for- example, may yield a more flexible solution in the long; run.

"Exitting or near term seeker hardware for air-to-surface missions includes passive
radar seekers, correlators, seti-active laser seeKers. and imaging infrared seekers. Fo-
air-to-air weapons, the active radar seeker with conformal antenna aplnears to be the most
appropriate near term configuration.

The advantages of strapdown seekers over those with two-axis ginbals should make then
attractive fu- vary applications. These advantates incljde in7-eased reliability with the
elimination of roving parts, unlirited line-of-siGht rate capability, and the elirination
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of err'rs due to gimbal friction and missile accelerations. Strapdown systems could
potent ally be lower in weight and cost. This would be particularly true in the long I
tern- as the cost of electronic components decreases with respect to mechanical components.
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ABSTRACT

The current approach for guided weapon avionics is to use custom digital computational elements
connected together with large cables. If these computational tasks can be partitioned into common tasks,
and if standard interfaces can be defined, it would promote Interchangeable missile guidance and control
components and enhance interoperability. The Digital Integrating Subsystem (DIS) Program is a current
Air Force Armament Laboratory effort to establish these standards and procedures. The contractor is General
Dynamics Convair Division.

In the Digital Integrating Subsystem concept, the total data processing requirements of a typical
Sstandoff weapon are met by utilizing a number of individual mlcroconiuters that communicate with each other
t on a serial multiplex bus - the number of microcomputers being dependent upon the total data processing

work load of the weapon. Each microcomputer is tasked to do calculations associated with a particular
avionics function. Once the computations are completed, the results are "broadcast" on the multiplex bus.
Each computer also listens for only the data it requires on the bus. This serial multiplex bus is referred
to as the "Digital Integrating Subsystem Multiplex Bus" or DISMUX Bus.

L : The protocol and signal levels on the DISMUX Bus are well defined in a draft MIL standard. The draft
MIL standard defines the electronic interfaces and also derines the straightforward data structures that
are used for inter computer communication. When this standard is a( -ted, it will .Yllow components built
by different manufacturers to operate together with a minimum of ir face coordination of either hardware
or software.

The sivyeen bit D0S computers have up to 64K words of memory, four standard interface cards, and are
[ housed in 150 cubic inches. Ps the maturity of the various avionics -ubSyszems develops, these computers

could become embedded within •he subsystem themselves and no longer ist as individual components.

Connection to the aircraft store', management bus is via a MIL-..0-1553B interface. Where the carrier
aircraft is not equipped with *a MIL Standard 1553B interface, a set of analog/discrete/digital interfaces
peculiar to the signal and data protocol of the host aircraft can be easily implemented in a single input/
output card of one of the DIS computers. This s'nile DIS computer then transmits any of the aircraft
interface data 'to any of the other DIS processors ýhich may require information from the host aircraft.

All operational software is being written in the Air Force Standard High Order Language, JOVIAL J73.

I - This paper presents system design, details on thm interface characteristics, and a progress report on
the construction of brassboard un s.

1. INTRODUCTION

Conventional standoff rissiles suffer from many of the same problems which are present in today's air-
craft. These problems relate to the large number of cables and wires which ore required to transmit the
various guidance signals about the vehicle, and the proliferation of custom computere with their programs
written in many different assembly languages. This situation has caused a situation nere it is almost
impossiole to have .eanirgful coTpetition in rissile modification contracts. Softw e maintenance is
extremely difficult and it severely hampers the abil~ty to integrate components fr .: various NATO countries.
The Air force aircraft avionics community has addres,,ed these areas by the adoption of several MIL
standards; namely: MIL-STD-1553B, MIL-STD-1589A, ani MIL-STD-1750. The basic ccr.ceots presented in these
aircraft avi-. cs standards can be used as guides by missile avionics designers in many common areas of
concern.

mnere are, however, significant differences betwlen the aircraft and tactical mPissiles which would pre-
vent the complete adoption oý the aircraft standards by the missile designerF. The Digital Integrating
Subsystem (DIS) Program has evaluated these aircraft standards and adapted !411.-STD-1553, which describes the

L ~ aircraft time division conyvand/response 'iultiplex Data Bus, for missile use. MIL-STD-1589A, which describes
the JOVIAL language, is appropriate and has been adopted in its entirety.

11IL-STD-1750. which describes a gnvernrent-owned instruction set architecture, was evaluated in detail.
However, at the time the Digital Integrating Subsystem contract was let, no contractor found it technically
feasible to be able to implement the MIL-ST4-1750 instruction architecture in the small amount of snace
available for a federated processor. The use of custom hybrids was deemed inappropriate to the ultimate
developTent of a very low cost, easy to compete, federated processor. For that reason, our selected
approach utilized a commercial microprocessor chip that would ultimately be available in a military version
with appropriate quality levels. At the point in time the MIL-STD-1750 instruction archýitecture becomes
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vailable on a single microprocessor chip, the adaptatlon of the chip into the DIS processors would be a

reasonably straightforward task. When that chip is available, it will be evaluated for missile use.

2. COMPUTATIONAL REQUIREMENTS

Tactical standoff missiles being designed today have surprising computational requirements. In fact,
it is easy to find missile designs where the tasks to be done exceed those of the Central computer on an
aircraft. This is due to the tasks such as navigation, target location and classification, guidance,
homing, and fusing which must be done without the aid of a pilot. Early attempts at standoff missile
computer design used a single computer to control and monitor the function of several analog subsystems.
As the advantages of all-digital systems became obvious, manufacturers expanded and sped up their central
computers to handle more functions.

The ownership ef a complex and ultra-fast central computer provides significant benefits for its
manufacturer at a much higher ultimate ct to the government. These machines usually are custom built
for a particular missile. Therefore, spare parts, expansions, and modifications to the computer must be
sole sourced to the designer. Also, it is unlikely that a high order proa!ramming language (HOL) compiler
is available for this custom computer. If no HOL compiler exists, then it Is mandatory to program the
computer in its custom assembly language. It is very difficult to maintain or modify someone else's
assembly language program. If that assembly language is not common Or familiar to those maintaining or
modifyinq the weapon software, then 8n ciange must be sole sourced to the original programrmer. Even
though it is undesirable from a customer's viewpoint to use assembly language, the use of a central computer
may also necessitate the use of assembly language programming due to the limited amount of available
processor time when compared to the large processing load.

A typical central computer may be required to run at two million operations per second or more. To
reach this speed today requires a bit-slice or similar design approach. Most assembly languages developed
for coprercial computers of this type are copyrighted and not available for competitive procurements. An-
other problem is that a high order language compiler that is within 10% of being as speed and memory
efficient as an assembly language programIrs usually very expensive and beyond the capability of either
the government or the industrial contractor to fund for a custom central computer application. Since
different manufacturers are prohibited, from the copyright infringement point of view, from using each
others instruction sets, each manufacturer attempts to build his own unique architecture. This prolifera-
tion of architectures would also require a proliferation of compilers if the Air rorce attempted to program
these multiple architectures in the same high order language. Maintenance of these many compilers would
also be a prohibitive task.

An alternative to the use of a central computer is to distribute the tasks to several independent
computers which may operate at lower speeds. These computers may be tightly coupled where they share
memory or some othen component and carry out program tasks in full knowledge of the activity of the other
tasks involved, or they can be loosely coupled over some input or output port and have little knowledge of
the activity, or even the existence of other tasks.

Loosely coupled or federated computers have the advantage of modular programs which are not affected
by programs in the other computers. A program need only know what inputs to expect and what outputs to
provide. With this nodular arrangement, one program can be changed without affecting the other programs.
This separation may be implemented with a central commgand computer, or it may be implemented with a round-
robin protocol.

Size, weight, power. and cost are critical concerns to a missile which must be designed within the ccn-
straints of range, number carried on the host aircraft, autonomous operation, and the eventual destruction
of thp vehicle. For this reason the addition of a command computer with its rather large command-response
nrogram is not economically justified. Therefore, the federated approach was selected.

One goal o& the DIS Program is to provide standards ard specifications for modular computers and their
i'terfaces to oronote the intercnanQeability and interoperability of the subsystems used in future tactical

n5ssiles. If a comouter has standard hardware and software interfaces, then a new subsystem meeting these
stardards can easily be excharged for an existing subsystem.

3. AUVANTAGES OF DIS

we y usin the DIS approach to standard interfaces and standard interconnection of federated computers
w~e ca- achieve significdrlt be:efits of 7odularity and interchangeability of components. This allows us the
opportunity to use comoonents from one manufacturer in a missile built by another. Thus, we can have full
oartnership with our NATO neiqhbors, with each country able to contribute the tezhnology it best knows.
For instance, a ternienl seeker with a DIS interface built in Europe can be easily electrically and data
structure co-n -atible with a missile built in the USA. If a new technology then makes it possible to sig-
rificantly increase the seekers accuracy, new seekers, built by a manufacturer In a third country could be
easul, interc.anged for the previous ones.

The ji"S ap:roacl' -~ews corvonents previously used in a missile to be used in the design of a new
:, JoI. Tnis can significantly reduce the cost and the time required for the new design.

Figure i shois a configuration of the guidance electronics of a typical long range standoff weapon.
i-ore we have shown five comýlputers; the r•,ter and their function depend upon systems engineering decisionsIado at the ti:,e the lissile is desicncd. One of the required concept design studies of the weapon will

deten.i~e the nuaber of tasks to be done and the logical grouping of those tasks. This study also deter-
-iines the DartitiuInJg of the required tasks considering the partitioning of other similar sized missilesso tat udvan, tase can be taken o' existing comonents and programis. The partitioning of the tasks shown

%Lel., assijn.es tne followinq activities ii' each computer. (A key point to rriemeber when reading each of
the tasks is ,nat, in the PIS concept, the oceratino syster in every computer is the same - only the
aup:iLat~cn software is depenaert upon the task assignorent of a particular processor).

~I
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• -1• BIU BIU

SUP Supervisor Computer This computer is tasked with communicating with the host aircraft and
translating ressages going to or from it. The SUP computer also handles engine controls, telemetry (if
applicable end fusing functions. in the DIS concept, each airborne computer contains an operating system
thdt can drive many independent software tasks. These tasks can be set into execution either based on time,
event, or data supplied to the processor. The software in the SUP computer just described would include
all of the software necessary to interface the signal protocol of the host aircraft (usually one task) and
rebroadcast any data needed by other computers on the bus. Other individual software tasks would then
hzndle the other functions mentioned. In most nissiles this conputer may be combined with the Digital
Autopilot Coeputer.

INR Inertial Reference Computer - This computer interfaces to the inertial measurement unit (IMU)
and performs the calculations necessary for the strapdown algorithm. The INR computer operates in con-
junction with the guidance and navigation computer when operating in the Unaided Tactical Guidance (UTG,
made which is being discussed in another paper. The software In the INR and GAN computer -re dependen' upon
the IMU and the mission type.

GAN - Guidance and Navigation Computer - This unit is responsible for giving the commands to alter
tne rissile's direction so thet a predetermined flight path is made to the target. This computer also per-
forms the calculations necessary for the Kalman filter used with UTG. In addition to the software
de~endencies shown above, this software rust contain mission dependent parameters.

NAM -iavigation Aiding Management Computer - This computer is Included when there Is an update
source to correct the inertial position. ff no update source is to be used, this unit can be removed frcr
the bus. The NA.M computer is used to perform those calculations which are required by the update source,
such as calculptinc the position frorr ti-e delay inputs from a Global Positioning System (GPS) or
correlating inputs with TERCOv naps. The NAM software is mission and source dependent.

C-P ci icial toriIot - Tnis device is sirpvy another co.Louter or a task in the SIiD crogra-red
t:- issje FIN; coamtnds tc cause the desired vehicle motion. The DAP software is dependent upon the dynamic
characteristics of the rissile.

Each of these devices is shown as a separate corputer. If a subsystem has its own computational capa-
Lility ard can connect airectly to the bus, this is not necessary. In the tigure we have the terminal
seeker connected that wa, . Each subsyster conmmuricates over the DISX.UX bus in exactly the same manner.

cet US n9D; conslde? ,al alternative subsysters and their connection to the DISM'JX bus.

If we replace the treviOus terninal seeker with a new one which also has an uDdate capability, we
Simply di~rcDnect the old jpdate d-evice and terminal seeker and connect the new device, When the newk soetware is laded, we are ready to begin checkout of the new configuration.
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If xe have a requirement to change the type of inertial measurement unit to one which also has its own
computer, it need only have a DIS bus interface unit (BIU).

Probably one of the most significant advantages is the ability to change interface cards and software
to interface to a new type of aircraft. Thus, If the required information is available at the missile
connector, there is a powerful computer already on board to perform the necessary protocol transformation.
This flexibility allows rapid transfers of a new weapon to existing aircraft.

A major advantage of the bus concept not ininediately apparent is the ease of testing of a vehicle built
around this concept. The ground checkout equipment is simply connc-ted to the bus as one more computer
terminal. If particular functions are missing during the test sequence, then the ground checkout system
can be programmed to emulate more than one terminal on the bus and place the missing messages on the bus
to facilitate the checkout of the renmaining portions of the vehicle. The test set can also be prograinred
to operate in a totally listening mode simply monitoring the output messages on toe bus and relating the
state of the vehicle to the operator.

During test flights, the telemetry Systen can be easily connected to the DISMIJX bus and not only
telereter the various analog and digital comnands within the vehicle but also the data sets from the
multiple digital pocessors as they put their "answers" on the bus.

4. D!S COMPUTERS

To validate the DIS specifications, a brassboard coTiputer has been developed. The original opal of the
DIS project was not to develoc a standard coTputer, but the synergistic combination of the requirements and
advances in the state-of-the-microprocessor-art have produced a computer which is very near to the leading
edge of technology.

The DIS computer described here is a 150 cu. inch (2460 CC) unit (see Rioure 2) which, if necessary,
could be repackaged to a smaller size for production use in a mini missile. In its present design, which
has no hybrids or custom devices, it can be used for intermediate and cruise-type missiles, remotely piloted
vehicles, and aircraft.

IiB~

Ficqure 2

The Or ving force behind the design has been the use of co-rercially available parts wii h meet .ilta,
[ specifications. The selection of all parts vas based on their availability from at least two coqnercial

sources.

The co'7;ut1e r is bSe Don the Z ilIog Z3002 , 16 b it , s i nge a ,i p ti.c ro -comp te r. 4* car add'ess u~p t½
words of meTory. TiRe D!S computer volure, including case, po.y'r su'rly, 4 irc.t'output !I!.) ca. ds.
and 'ull menory is 150 cu. in. (2460 CC'. Standard ',10 cards incljde parallel, serial. "., *.'L:-15C
and DIS nult'plex bus (BIdj). Any combination of these cards, includinQ 4 pMA c(ms, say be rlaced in t-e
4 10 slots. An analog to digitul and digital to analog card will be ava~laic sccc. The complete LFI



dissipates 50 watts of 28 volt power.

When executing a mix of instructions which are typical of missile *uidance, its throughput is 350K
Operations per second. Zilog has committed to produce a 6 MHz and possibly a 10 MHz CPU chip. In fact,
laboratory tests of the IS computer have been run in excess of 6 MHz at a temperature of 80 degrees C.
When using a 6 MHz chip, the DIS computer runs at 524K operations per se,,d.

The Z8002 advantages stem from an expected production of more than one million devices per year, an
additional US manufacturer (AMD), a European manufacturer (SGS), and a Japanese manufacturer (Sharpl, a
wide user base, many existing and planned support chips, and a large Instruction set (416 instructions)
designed for HOL use. At the time of this writing a free license agreement is about to be cigned which
will grant the US Department of Defense the right to use the Z8001 and Z8002 Instruction set for weapon
systems and their support systems. This significant agreement will allow other manufacturers to build
Z8000 copies for weapons systems. This means coat a comion instruction set can be used for the range of
computers from simple 4 or 5 chip devices to the very high speed bit-slice multiprocessors.

5. ALTERNATIVE CONFIGURATIONS

The missile shown in the previous figure appears fairly complicated when compared with many designs.
The question then is, "Is DIS advantageous for smaller designs?" Our answer to that question is yes.
Even if only one or two computers are required, the advantages of standard interfaces to subsystems and
familiar prograT -odules are very significant.

The IS concept has been extended to a Class 0 machine for just such uses. Where the DIS computer
described in this paper is expected to cost about $5,000.00 edch, in production, the ClaAs 0 computer is
designed to cost less than $2,000.00. This type machine would be used in vehicles such as dispensers,
smart bombs, and very small riissiles. The Class 0 machine does not initially have the complete interface
flexibility of a Class I or Class I DIS computer, but the interfaces it does have are of standard format.
With only one computer in a vehicle, it is not necessary to have a IS BIU for conrunication with other
computers. However, a special internal connection allows a Class 0 computer to be attached to a BIU or
1553 Bus and thus communicate with any other subsysteT,- or launch aircraft. Even though we have stripped
down our Class 0 computer to its bare essentials, it is still able to be made totally compatible with
other guidance subsystems.

The Class 0 comouter uses the sare CPU and is completely software compatible with the CIS Class I and
Class II computers.

6. STANDARD INTERFACES

In order to facilitate toe interchnze_ o' subsystems and co.. mputers. the D'S ,.Jrict is also developing
standard interface specifications. The following represents an outline of these interfaces. Copies of the
specifications P'ay be obtained from the authors.

Toe parallel interface allows the transmission of 16 bits of nfomation to or frfm the computer in
parallel transfers. handsiake signals allow the peripreral device to notify toe conmputer of the need to
transmit data and signals which allow the corputer or the peripheral device to irdicate data reception.
Data transfers can proceed at the rate of up to 250,000 transfers per second.

Toe serial transfer interfice has similar handshake signals to the parallel irterface, but data is
transferred as a serial bit stream. This transfer of 16 data bits and a parity bit may proceed at a rate
of uo to 400,020 bits Fer second.

ihe direct reirory access (D.,) interface allo.ss transfer of 16 bit data words directly to or from
n emory, without procossor interventior 3fter initial setup. Tnese transfers can occur at a rate of up to
5,00,00oC transfers per second.

The MIL-STD-1553S 'nterface is intended for use in data transfer to and from the carrier aircraft.
This existing !-1L Standard is iandated 'or use in all 'uture US military a.rcraft. It is also contained
in toe proposec "'L-ST'-;760 for aircraft store's maragootlent itterfaces. Data transfers through this inter-
face take tie form of 16 bit data words with 2 syrchronization bits and one parity bit. Serirl transfers
occur at a I X'•Iz rate. There is extensive handshakinq and comenand-response protocol.

-,he I5S serial multiplex interface is smrtar in 6ord strjcture to that of M;L-STD-1553B, but the
protocol ts different. Each unit or toe bus follcws the end of transmission from the preceding known unit.
!r. effc:, each bus interface !nit (BIii) knows who it follows (see Figuro 3). When a 1311! decodes the end

of trait!1iSsier from its :.redecessor. it then transmits. Fach BiUs' order of Lrarcmission consists of a
beginring of ressace .tcrd, up to 32 data words, and an end of transmission word. If a given aIU has
ressaqes frc, more than one task, (each task rormally ras its own Leginnirq of ;essage word) then a new
[egnonrn of ,essa.e ;iord tay be eanedded in the string of data words. When toe BIJ has completed the
trans:mission oc Výl rts -essanes or the -a, irn of 32 nurds , it sends an end of transmission (EOT), ,'csaoe.

part ol t-s EOT is the n•tnher on the B131 whith sent it. Each BIC connected to the bus is programmied to
respond to tne Drecedi.I4 J urBI nuer. When a ;IU recei,es its preceding LOT tt is triggered to respond.
:f it does no' have data to send, it simply transmits an [CT witn its number in it, thus triggering the
next 511J. Py this scheie each BIU connected to the bus is gisen an opportunity to transmit during eath
round ot tne connected units. Since the data transmitted cr the bus is already processed, the bus is
iinormally lIohted loaded (<5 in every application ai.a'yzed ,c date.
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nessage trarisnitted by one BIU may be caotured by any of the computers on the bus (see Figure 4).
When a program or subsystem is charged, other programs need not be changed so long as the new program re-
quires and produces the same types of data. For example, the midcourse update subsystem tray he changed
from tact;cal TERCOM to GRS so long as both systems require inertial reference inputs and both output
geographic position.

In the p'esert laboratory and brassboard systems, a firmware program on one mux interface card (not
CPU Interactive) checKS to determine if each BIU on the bus transmits in sequence. If one BIU does not
respono for any reason, then this supervisor, BIU restarts the loop. Each BIU performs without processor
intervention to place desired rp-ssages in memory before interrupting the CPU.

This scheme, referred to at round-robin-passing-protocol , was developed through a joint effort of the
rIma.Tent Laboratory and the Charles Stark Draper Labs. It has been validated in laboratory tests at

i.glin WFB, and is now being tested in flightworthy units by the contractor. General Dynamics Convair
lPivision. General Dynamics has found the implementation of the DIS rouno robin passing protocol to be
extreriely straightfonrar'd and easy to learn. The implementation of the bus interface unit takes only about
30 cle,-troni-: corrprnerts. Testy to date indicate an essentially error free envi-onment is easily achieved
nn the direct coupled DIS.UX bus (early BIU logic designs exhibited a bit error rate of less than one in
ten to the eleventh transmitted bit,).

PRund rcl:.i, protccol has neeen shoH' to . .e rnre efficient than corarAnd respnnse. This is important
who., avigition data are beirg transferred. More efficiency is also achieved by eliminating the need for
da zonputer to run the executive program. Round-robin protocol is also more advantageous than contention
schenes because of its near 100 percent probability of rFssage reception.

An even nore relevint poitit regarding the round-robin passing protocol is that the housekeeping and
ti,'nq ;.rol;lems associated ;ith developing ois controller software are completely eliminated. Since each
rrofes•e ojt::jtý answers, When co,'-pcted, orto the bus for reception by any desired user, the using pro-
gran, always has access to the latest Possible data since it will usually be i' a "wait" state awaiting
receipt of the latest data set. The operating systems in each individual computer provide the double
buffering betweer the bus interface unit message decoding function and the application program using func-
tion. No task in any corputer has to be interrupted to transmit data tn, or to receive data from, another
application task. This is a significant software development (and missile integration) advantage.
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Figure 4

7. SOFTWARE

"All the software for the DIS corputer is being written in JOVIAL J73 according to MIL-STD-1589A. This
includes a JOCIT compiler hosted on an IBM 360/370 and the operating system in the DIS computers. The
linking loader and assebler are hosted on a diagnostic station based on the POP 11/34. A JOCIT ccde
generator for the 11/34 (RSX-IIM) is also provided. A code generator option produces Z8000 code which can j
be loaded through a conmmercial 78000 development station.

The DIS project is closely following the development of ADA, the new standard HOL. The DIS computer
is one of tne fir-t targets for the Air Force ADA compiler. I

The operating system of the DiS computers is as relevant to the federated computer concept as are the
othrr elements mentioned previously. The operating systeir for the DIS computers handles all interrupts,
proce3ses all data requests (both intra computer and inter computer), schedules the multiple tasks within I
a computer (up to 256 separate tasks), and for-rats all of tho input/out•nut messages going to and from the 4

irtut/output cards. The operating svytern also includes the software n~ressary to interface with the
monitor software resident orn thL' ground checkout station so that, while an airborne task is in the focess
of executirg , memory calis can be observed and/or irodilied, a capability which is absolutely necessary when
ieveloping real tiTe operationdli software. The rionitor sof"ware in the DOS in conjunction with th operating

system can also start, stop, single step, and observe any of tho registers in the 28000 mirroprocessor.

8. STATUS

The Air force is no• under contract to General Dynamics to produce 25 flight oualified DIS computers I A
for USe in, a fl iQnt deTmonstration test program. Units are also being procured to use in hardware-in-the-
loyi) simlttiorns ir the Arm:arnt Lahc-atory's si;,xlation lab. Iwo comiplete diaqnostic stations will also
t e cel ivered. These u,,its are scheduled to be delivered over a seven month pericd starting in July 1980.

The contract also includes JO!IAI code generators for the DIS corputers and diagnostic station to be
delivered In November, and a cowplete operating system and linking loader to be delivered at the same time. I

The svecifications for the standard interfaces, the DIS system and the DIS corputers have been pub-
1 ished.

k
_____________ _________!



9. CONCLUSION

The Digital Integrating Subsystem is attempting to facilitate the modularity of tactical guided weapon
electronics through the use of standaro interfaces. These concepts are now being tested. This project
should simplify future design and modifications of missile electronics, and promote interoperability of
subsystem components.

*I
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INDUSTRY LOW-COST INERTIAL GUIDANCE SYSTEM DEVELOPMENT

by
Warren K. Stob

Le'r Siegler Inc, Grand Rapids Mich
and

Dr. Thomas K. Wu
U.S. Air Force Armament Test Laboratory, Eglin AFB, Florida

SUMMARY

The necessity for an adverse weather, standoff launch and leave capabtility in both
powered and unpowered guided weapons has led to development programs for a low cost iner-
tial guidance subsystem by the United States Air Force (USAF). The subsystem,
initialized via a prelaunch maneuver sequence to permit transfer alignment and inertial
sensor callbration, is used to provide midcourse inertial guidance to a terminal acquisi-
tion basket or it can be used with periodic updatef provided by other subsystems such aiý
Global Positioning System (GPS), Radiometric Area Correlator (RAC), or Tecrain ContourI Matching (TERCOM) for improved accuracy on extended range missions.

j This paper describes the history of the Low Cost Inertial Guidance System (LCIGS)
concept development and the design features of the Industry LCIGS configuration.

HISTORY AND INTRODUCTION

Two programs were initiated by the Air Force Armament *rest Laboratory (AFTAL) in

1976 after previous surveys revealed that, although many missile guidance systems were
available, none met the USAF performance and CosL goals required for the next generation
of standoff tactical weapons.

The first proqram, Tactical Inertial Performance Requirements Analysis (TIPRA),
identified the requirements for a variety of tactical missions and quantified the iner-
tial sensor performance requirements for a Low Cost Inertial Guidance System (LCIGS).
(1, 21 The second program was the award of a contract to the Chatles Stark Draper Labora-
tory (CSDLI to provide a nonproprietary baseline LCIGS design incorporating low-cost
zrodular concepts with a Production Unit Cost (PLC) goal of $10,000 in F.Y.'76 dollars.
CSDL also provided a baseline design for test equipment which permits rapid factory
calibration and simplified depot level repair of the LCIGS.

CSDL chose to implement the LCIGS in a strapdown system configuration usirng mature
A single-degree-of-freedom rate integrating gyros and force rebalanced accelerometers of

modest performance characteristics (1-to-5 deg/hr and 100-to-2002 g turn-on to Lurll-sl,
repeatability). The key feature of this baseline design included the utilization of
imbedded microprocessors for sensor control, modeling, and data processing. Thi. feature
permits the use of multi-sourced sensors in the same system without impacting either
electronic or mechanical interfaces or data processing. Thus, each proprietary instru-
ment is specified to meet a normalized sensor module interface so that the highest cost
elements in the system may be procured competitively.

The CSDL LCIGS Program was completed in 1979. T'h, results of the program included a
complete set of design specifications, a brassboard system configured for the GBU-15
glide bomb, and a set of Pecnliar Support Equipment (PSE). (3, 41

In 1979, AFATL initiated a program to demonstrate digital weapon ridance technolo-
gy. Tne core of this demonstration is the Midcourse Guidance Demonstration (MGD) Program
which will demonstrate an all-digital weapon concept. Within this context, LCIGS repre-
sents a central avionic subsystem providing basic functions for an integrated weapon
system. The various associated AFATL subsystem developments and studies that include
elements of this overall weapon concept are: Digital Integrating Subsystem (DIS), Radio-
metric Area Correlation Guidance (RACG), Tactical Global Positioning System Guidbnce
(TGPSG), and Unaided Tactical Guidance (UTG).

To support MGD, the LCIGS Program entered the second phase of development in 1979
with the 'Award of a competitively determined contract to Lear Siegler, Inc. (LSI) to
validate the CSDL baseline concepts and deliver five systems for laboratory and flight
testing.

successful transition of the CSDL LCIGS technology and its aggressive PUC goals to
the Industry LCIGS Program required the retention of several design concepts. These
included use of digital gyro torquing; inertial sensor interchangeability; use of mature,
low risk inurtial sensors; Sensor control and compensation via microprocessors; and com-
patibility with rapid sy3tem test and calibration features via the CSDL-developed PSE.

k.. • , li . . i . . i.. . . .. . . P -.. . ..
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The transition was accomplished by a complete review of the design specifications
and drawings for both hardware and software provided by the CSDL contract and by close
coordination with the Industry LCIGS Associate Contractors for the UTG and DIS Programs
(Mclionnell Douglas Astronautics - St Louis, and General Dynamics/Convair - San Diego,
respectively).

The transition also included added considerations to provide a modular design ap- I
plicable to multiple weapons, use of MIL-approved parts, inclusion of a totally integral

power supply and parallel autopilot output, incorporation of current technology micro-
processors, a strong emphasis on low cost through application of advanced but demonstra-
ted production techniques, and increased multiple source procurement of inertial sensors.
A system design is now complete which maintains all features of the brassboard configura-
tion in 25% less volume and 30% less weight while incorporating the integral 28 VDC power
supply. A comparison of the basic design features are provided in Table 1; a functional
block diagram of the Industry LCIGS is shown in Figure 1. I

This block diagram illustrates that the Industry LCIGS retains a distributed pro-
cessing ,architecture in two basic module functions. Within the gyro loop, angular rate
is sensed, digitized, and preprocessed by the gyro processors imbedded in each of the

* three gyro channels. The gyro channel output, partially compensated Aes, is transmitted
to the service processor via a two-way parallel bus structure where the data is addition-
ally corrected: formatted, and transmitted serially to the external DTS or PSe. In the
accelerometer loop the acceleration is sensed, digitized via the analog-to-frequency
(A/F) converters, stored in accumulators, and transmitted directly to the service proces-
sor for processing similar to that of the gyro channel.

The service processor, as the second basic processing module function, collects the

inertial sensor data, and provides corrections to this data based on sr,'sed temperatures
and on electronics thermal characterization information stored in Electrically Alterable
Read-Only Memory (EAROM). The corrected ýs and wVs are output at a 100-Hz rate over the
serial data channel. Additionally, the service processor outputs uncorrected aes and -Vs
at a 400-Hz rate for autopilot use, communicates with the gyro processors to initialize
the system at power turn-on or reset, interprets and implements commands from the DIS or
Peculiar Support Equipment (PSE), and controls sensor heaters for optimum warm-up and
thermal stabilization.

The EAROM data base permits use of multi-sourced, moderate performance inertial
sensors by allowing storage of specific correction terms and error coefficients for
design parameters and empirically determined performance characteristics. This key
feature of the LCIGS development provides system performance accuracy previously unobtain-
able from inertial systems utilizing sensors of this cost and performance classification.

The Industry LCIGS which hac been designed for production is shown in Figure 2; a
typical complement of inertial sensors which may be used are shown with it.

Table 1 - LCIGS Configurations

Item CSDL LCIGS LSi LCIGS

Volume 506 in 3  (8.3[) 375 in 3  (6.1Z)

Weight 23.25 lbs. (10.SKg) 16 lbs. (7.3Kg)

Power - Heaters 115V, 400 Hz: 1000 Watts 115V, 400 11z: 500 Watts
- Operating Missile Inv.: 80 Watts +28 VDC: 75 Watts

Thermal Design Forced Air Convection and Conduction
Conduction

Angular Rate Input *150 deg/sec. *150 deg/sec.

output ResolutionI

Serial @ 100 Hz : 3 3ec. .: 3.3 sec.

V'.: 1 cm/sec. V: 1 cm/sec.

Parallel @ 400 Hz None . : 3.3 sec.
.V .25 cm/sec.

Circuit Cards 13 8

___k
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Figure 3 - LCIGS Structural Explosion

sensor modules are attached on one end of the structure; the electronic cards are con-
tained within the structure as illustrated. Minimum repair and assembly time is accom-
plished by utilization of the plug-in assemblies.

Each of the three interchangeable gyro modules contains a rate integrating gyro-
scope, a thermal sensor, a module heater, and normali?.ation electronics required to

-* provide a standard electronic interface to the system.

The accelerometer triad module contains an orthogonal set of linear force-rebalanced
accelerometers, thermal sensors, and a heater. It is installed on the structure adjacent
to the Z gyro module.

The LCICS electronics are packaged on eight printed circuit cards. The circuit
allocation for each card was selected to optimize overall system size, functionality, and
cost. The cards contain integral heat sinks and use either glass-epoxy or laminated
aluminum core construction as dictated by thermal and reliability design criteria. The
cards are interconnected with other system modules via a mother board located in the
bottom of r.ne electronic compartment. The card functional description is provided in
Table 2.

THERMAL DESIGN

Key elements in the attainment of system performance goals include pre-launch ther-
mal control for optimum inertial sensor error estimation and post-launch compensation of

C sensor outputs via the microprocessor. Ambient of -54C to +71"C are specified for LCIGS
with significant changes during 3 single period of operation. Most missiles have no
environmental control system and limited power available during the free flight phase.
These factors dictated the design of a fast warm-up mode with heaters using aircraft
power during captive flight.
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Table 2 - Circuit Card Function Allocation

Card Function

Al Gyro Torquer Electronics (2 Gyros)

A2 Gyro Torquer Electronics (1 Gyro), Torquer Common
Logic, Gyro Pick-off Excitation and Output Sample/
Hold (3 Gyros).

A3 Gyro Processor (3 Gyros)

A4 Service Processor, Parallel I/O.

A5 Service Processor, Serial I/O, EAROM

A6 Accelerometer A/F Converter (3 Accels.), Converter
Accumu]lators.

A7 System Timing, Spin Notor Supply, Temperature Sensor
Multiplexer.

PSI rower Supply

To optimize the system warm-up characteristics, a 234-node thermal model was gen-
erated. By simulation, using this model, the optimum size an-" placement of heaters wa.3
determined and the cooling characteristics dur;ng the post-launch period were defined.
As a result, the heaters on the inertial sensors are controlled by the service processor
to obtain a nominal 60"C LCIGS temperature within 15 minutes in a -54'C ambient. In high
temperature environments, adequate cooling is provided conductively through the primary
structure. Use of only MIL-approved parts provides adequate thermal margin for system
reliability over all temperature extremes. Several features of the thermal design con-
cept are noteworthy.

a. Elimination of a cooling fan. The selected mechanical configuration and the use
of aluminum-cored electronic cards as determined by the thermal model permitted
increased capability for conductive cooling of the electronic assemblies. In a
+55"C ambient, the maximum circuit card temperature at the time of missile
launch will not exceed +85'C.

b. Multimode heater control. Optimization of the transient response of the system
is obtained by incorporating low range (-54°C to -20*C), mid-range (-20*C to
+20°C), and high range (+20'C to -55'C) heater control algorithms in t',e service
processor. The processor samples the actual temperature of the X gyto and the
system ambient at. approximately 10-second intervals and uses a predictor algo-
rithm to control the power applied to the sensor heaters. This concept mini-
mizes power consumption and provides both coarse and fine thermal control of the
critical elements without the use of trim heaters previously employed. Provi-
sions are also included to allow application of heater power without o7eratiOn
of the inertial sensors. This feature allows improved thermal stabilization of
the LCIGS prior to initiating the transfer alignment sequence. 0

Even with this improved thermdl control technique for limiting the dynamic range of
operational temperatures, precision temperature compensation of the inertial sensor out-
puts is applied continuously to achieve the ultimate performance.

The service processor, using temperature data from edch ineriial sensor and it's
corresponding electronics, nrid the measured inertial sensor thermal sensitivities, com-
putes the bias, scale factor and loop gain corrections. These corrections arm updated
every 10 seconds. No correction algorithms are valid for the complete LCIGS operating
temperature range but maximum compensation accuracy is obtained when the sensor and elec-
tronic temperature is between +10'C and +65*C.

INERTIAL SENSOR CHARACTERISTICS

Charles Stark Draper Labs (CSDL) prepared a generic procurement specification for
the LCIGS inertial sensors. The specifications were based on the performance require-
ments determined in the TIPRA program, and were compiled by a survey of vendor-supplied
data on available components that demonstrated both performance and a volume production
cost history. These generic specifications are aummarized in Tables 3 and 4.
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Table 3 - Gyro Specification Summary

Characteristic Units

we Powe 10.5 oz (300 grams) t

S~Input Power 26 VAC, 800 Hz, 20 Mtr, --

8 VAC, 2.4 KHz PO

Drift Rates

G-Insensitive: Absolute 100"/h
G-Insensitive: Turn-on Repeatability 4*/h
G-Sensitive: Absolute 25'/h/g
G-Sensitive: Turn-on Repeatability 4°/h/g
Random 0.15'/h (1:)

Command Rate

Continuous 80"/s
Maximum (k Sec.) 150*/s
Accuracy: turn-on Repeatability 300 ppm

Run-Up Time 30 Seconds (Max.)

Warm-Up Time 5 Minutes (Max.)

Environmental

Temperature (Operating) -20°C to +100°C
Temperature (Non-operating) -62*C to '95"C
Vibratio.i MIL-E-5400, Figure 2

MIL-STD-810, 0.04 0
2/Hz

Shock 30 g's, 11 ms
Magnetic Fields 10 Gauss

Table 4 - Accelerometer Specification Summary

Characteristic Units

Weight 3.5 cz (100 grams) (Max.)

- Input Power t15 VDC

Bias: Absolute 5 mg

Bias: Turn-on Repeatability 300 ug

Scale Factor Accuracy 300 ppm
(Turn-On Repeatability)

Warm- Up Time 1 Minute iMax.)

Environmental

Temperature (uperating) -20"C to ÷90"C
Temperature (Non-operating) -62'C to +91'C
V bration MIL-E-S400. Figure 2;

MIL-STD-810, 0.04 g 2 /Hz

Shock 30 g's, 11 ms
Magnetic Fields 10 Gauss

SL
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Within a basic class of sensors, however, design details of the various vendors

result in small but significant variations in both cost and specific performance charac-

teristics. To demonstrate sensor interchangeability, the Industry LCIGS will be tested

with sensors from three different established vendors:

Gyroscopes: Lear Siegler, Honeywell, Timex
Accelerometers: Lear Siegler, Sundstrand, Systron-Donner

Extensive testing is in progress on the sensors from these vendors. The purpose of these

tests is:

a. To establish the degree to which the sensors meet the specified performance and
reliability requirements

b. To determine the parameter coefficients to be utilized by the LCIGS processors

c. To i3entify any significant performance differences which may allow selective

procurement for the most cost effective solution to future mission requirements

within the framework of the LCIGS configuration

d. To provide a standardized method to evaluate available sensors. For this pur-

pose relevant tests such as gyro drift are being conducted in both analog and

digital closure loops to establish correlation. This will allow analog mode

acceptance tests by various vendors that will assure specified performance when

the gyros are operated in the digital rebalance mcde.

The testing of a large number of sensors over a long period of time is being 3ccom-

plished by using commercially available Data Acquisition Systems (DAS). The systems,

with specially prepared software programs, allow simultaneous tests of multiple sensors,

automatic data reduction, printout of test results, arid automatic control over the test

equipment. A DAS and rate table for gyroscope evaluation is siown in Figure 4. The

tests being performed on a minimum of three sensors from each vendor are shown in Tables

5 and 6.

'ii

A
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Figure 4 - G;,roscope Test Station
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Table 5 - Gyroscope Tests

ITEM MEASUREMENT

1. Mecharical Inspection Dimensions, weight, seal integrity.

2. Electrical Inspection Torquer, Pick-off and spin motor
impedance, circuit DC resistance, •
insulation resistance, dielectric,
magnetic flux leakage.

3. Warm-up Characteristics Record output each 90 seconds for
1 hour at +30"C.

4. Spin Motor Tests Starting and running power, run-up
and coast times.

5. Polar Axis Tumble Record gyro output at 1 degree in-
tervals at an input rate of +90
deg/min; plot output and calculate 8
bias, mass unbalance, and : of
deviations from curve fit.

6. Cog Test Determine drift repeatability after

multiple controlled (* displacement)
inputs are applied.

7. Torquer Scale Factor (TSF) Record at rates between +1 and +150

deg/sec; compute TSF and second and
third order non-linearity coefficients.

and reppatability using standard 6-posi-

tion tumbles.

9. Drift Randomness Record output once/sec for up to 5 hours;
compute X, c , best fit trend line and cA

of departures therefrom; compute power
spectral density.

10. Temperature Coefficients Perform selected tests at 9 temperatures
between -20'C and +90*C; calculate scale
factor, bias, mass unbalance, and axis
alignment coefficients.

11. Vibration Sensitivity Sinusoidal inputs at 5g, 20-2000 Hz;

Random inputs @0.04 g 2 /Hz, 20-2000 Hz;
determine g 2 coefficient and overall
vibration sensitivity.

12. Magnetic Sensitivity Determine magnetic sensitivity to
external fields of 10, 50, and 100 gauss.

13. Shock Verify retention of performance stabili-
ty after 18 shocks (30 g, 11 msec).

14. Long Term Stability Determine performance stability of pri-
mary parameters over a 4-month period.
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Table 6 - Accelerometer Tests

TEST MEASUREMENT

1. Mechanical Inspection Dimensions, weight, seal integrity.

2. Electrical Inspection insulation resistance, dielectric,
magnetic flux laakage.

3. Warm-up Characteristics Record output in 1 g position each
3G seconds for I hour.

4. Twu-Position Tumble Compute bias and scale factor from
multiple tumbles at 15 VOC, 15.75 VOC
and 14.25 VDC.

5. Threshold & Resolution Determine input required to produce
50% of predicted output at both 0 g
and 0.707 g, nominal.

e. 36-Position Tumble Compute bias, scale factor and second -
and third order non-linearity coeffi-
cientL.

7. Temperature Coefficients Perform selected tests at temperatures
between -20°C and +90"C, compute
temperature cvefficients.

8. Hysteresis Compute scale factor and bias hysteresis
after various temperature exposures in
non-operating mode.

9. Vibration Sensitivity Sinu7oidal inputs at 5o, 20-2000 Hz;
Random inputs at .04 g 2 /Hz, 20-2000 Hz;
determine overall vibration sensitivity
including vibropendulousity coefficient.

10. Magnetic Sensitivity Determine magnetic sensitivity to
eternal fields of 10, 50 and 100
gauss.

11. Input Range Apply ý10 g via centrifuge.

12. Shock Verify retention of performance
stability after 18 shocks (30 g, 11 msec.) I

13. ,ong Term Stability Determine performance stability of
primary terms over a 4-month period.

ELECTRONIC DESIGN DETAILS

Design of the Industry LCIGS electronics was initiated after a review of tý.e CSDL
drawings, and an analysis of the deficiencies recorded during brassboard testing was
completed [5]. Design changes .re made to Incorporate military-grade components, micro-
processor capaoility unavailable to LCIGS at the time of brassboard design, an inteqral
power supply, and an autopilot output. A simplified electrenics block diagram with elec- 4

tronic card allocation is shown in Figure 5.

J

* 4

ffs i Li , j~
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Figure 5 - LCIGS Electronics Diagram
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Power Supply

The new self-contained power supply is a switching mode driven inverter type with
an operating frequency of 50 KHz. The input section receives +28 VOC from an external
source, provides filtering, and contains four-power field effect transistors fFETs) to
switch the input voltage through the primary of a power transformer. The outp, section
consists of multiple secondaries on a power transformer to provide the necesstry inter-
nal operating voltages. Each output is full wave rectified and filtered. A separate
bifilar wound secondary on the 4ISV output winding provides power and feedback for the
power supply control section. The control section generates the pulse width modulation
signals for the input section power FETs. The control circuitry also monitors the input
line and makes instantaneous pulse width corrections to minimize output voltage varia-
t ions.

The power supply also contains overcurrent shutdown circuitry to prevent damage
during integration and testing with other subsysterms.

Tests on the power supply breadboard confirm operation to specified limits over the
comrplete temperature range with input voltages of +18 VDC to +35 VDC. Operation at
nigher input voltages is limited by power dissipation and attendent thermal considera-
tions.

Systeý Timing

The rystem timing electronics uses an 8.448 MHz crystal oscillator and low power
schottky-ttyge logic to provide variojs timinq and synchronizat on signals required
within the c•stem. The timing diagram is illustrated in Figure 6.

"8448 1 -sO-TO PSE

54-S MPHZ i -•0 68 K TO A/F CONVERTERS

-4 z TO GYRO 'TORQUING

0 9 -TO SPIN MO'OR AND
PICKOFF SUPPLIES

2400 HZ

-12 -2 80 ITo SPIN M OTOR

SUPPLY

-2• 40 Z:TO GYROSPROCESSOR

TO •o 
TO SERV!CE

PROCESSOR

Fagure 6 - LOIGS Timing Oragr am

II

!I

41 2 80H OSI OO
SUPPLY
S" P L YMo O
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Spin Motor Supply, Temperature Multiplexing

The gyro spin motor supply operates directly from the LCIGS power supply rather .

than the missile inverter/converter. The spin motor supply is a push-pull driven trans- -

formercoupled inverter providing an 800-Hz, 26-volt square wave source for the three
gyro spin motors. The supply also includes circuitry which, when externally commanded,

determines rotor operability by sensing back EMF during a 10 ms interruption of the
motor excitation.

Temperature sensors are located on each inertial sensor, on each gyro torquer elec-
tronics assembly, and on the accelerometer electronics assembly. These provide 10
inputs to a 16-channel analog multiplexer and a current to the voltaTe buffer condi-
tioner. Other inputs include power supply voltages and various built-in-test (BIT)
responses.

The multiplexer output is fed to a 1O-bit analog-to-digital (A/D) converter which

is a part of the service processor. The converter outputs are used in conjunction with
the EAOM stored coefficients to provide temperature corrections to the inertial sensor
cutouts, and as BIT to determine operational status.

Accelerometer A/F Converter

The three accelerometer araiog-tc-frequcnc (A/F) converters and respective accumu-
lat-rs are contained on a single circuit card. The design retains the basic features of
the CSDL brassooard but mechanization with a nonproprietary hyrid constant current
source allowed a 4u% reduction in the physical size.

The converter, illustrated in Figqire 7, is a pulse-rebalanced integrator in which
the integrator output :s maintained within pre-set limits by application of precise
rebalance pulses to the summing ý)int of the integrator. The rebalance pulses, which
awe precxs: in current and duration, represent the true integral of the accelerometer
analog output. The pulses are accumulated in an 8-bit up/down counter which is reed by
the service processor.

An AyF ir-,:ibit con.nano which disables the rebalance circuits is issueG by the service
processor during the counter read period to ensure that all pulses are read. The chazi-
ncl scale factoc is 0.25 cm/sec/pulse.

"•LUE',L PULSE OUTPUT UPIDN COUNTER[ TO SERVICE
ACCE -EROMI. ETTE DETECTOR -PULSE OUTPUT a TPROCESSOR

SWITCON COANROCURRENT 

L 

RE.T

C SURREN REANC

TEMPERATURE SENSOR

Figure 7 - A/F CONVERTEP

91 .u T igno-Electronits (GTE)

The gyro torquing electronics (GTE), illustrated in Figure 8, filters, amplifies,
and digitizes the gyroscope pickotf output at a 2.4 KHz rate. Tho digitized signal, a
10-hit A/D output, is read by the gyro processor which computes an 8-bit torque command
each sampling period. The GTE, in response to this torque command, selects one of the
two current ribalarce modes, steers an H-bridge switching circuit, and applies precise
rebalance current pulses to the gyroscope torquer.

I.
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Figure 8 - Gyro Torquing Electronics

Review of the CSDL GTE design, including brassboard test data and its performance
analysis 15] revealed gyro scale factor linearity errors of 80 to 800 ppm in the range
of 30 to 120 deg/sec. Tests on a breadboard version of this design concept by LSIS
confirmed these errors, which are due to the effect of pulse rise and fall times. Even
larger errors exist at the lower inpit rates typical of those encountered in
Scorsby-type motion. One potential solution to this problem, within existina processur
capability, would be to cha-acterize the scale factor of each gyro module. This solu-
tion would, however, require extensive and costly testing of a gyro module with a speci-Sfic GTE over temperature, and it would inhibit sensor interchangeability since the
nun-lineatity is dependent cn precise matching of the gyro normalization electronics and

[ GE to a specific gyroscope.

The LSI GTE design utilizes a precision dual-level (8:1) constant current source
operat:ng in a Pulse Width Ternary (PWT) mode. The design minimizes the sensitivity of
gyroscope and electronics matching and eliminates the need for temperature characteriza-
tion to maintain scale factor errors within acceptable limits.

In the design, each 416.7 us torquing cycle is divided into 80 increments of5.208 us duration. Since a 1 ,s equivalent error in pulse rise and fdll time during a

5 is pulse represents a large scale factor error, the gyro processor algorithm commands
lower current (iX) and extended duration (41.66 as) pulses. This reduces the error
from the pulse rise and fall time to approximately 25 ppm. At input rates up to approxi-
mately 16 deg/sec, the low current extended duration pulses are commanded. At higher

- rates, the processor commands the higher current (8X) for the standard 5.208 is pulse
duration.

The gyro processor, by the gyro torque command word, controls the number of time
I increments the constant current source is gated to the gyro torquer, the current polari-

I ty, and the current level of lX or 8X.

- The GTE uses cosmonents with very low temperature coefficients for precision refer-
ence and current sensinq and drives a dummy resistive load, located in the normalization
electronics, during periods when the gyroscope is not being torqued.

Gyro Proce-ssor (GP)
The Gyro Processor (G11) card1 contains three separate and independent microproces-

sors which share a common clock driver and a parallel bus for communication with the
-"?service processor. The '3yro loop functional block diagram, shown previously in Figure

8, illustrated that the gyro processor is integral to the closing of the total gyro
loop. % functional diagram of tho GP is shown in Figure 9.
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The Go, in conjuncti•on with mode commands and loop response data from the service
processor, establishes the mode of operation and loop response characteristics. Inputs
to the GP include the digitized gyro pickoff information from the torquer electronics
card at • 2.4 Kri• iLote and ioop gain coefticientz from the service processor _sampled at
10-seconds intervals.

Upon command from the .;ervice processor, the gyro processor operates the gyro loop
in one of three modes: initialization, self-test (SIT), or the n~ormial operating mode.

In the operating no)de the control loop implements the same processincl equation as
that used in the brassboard [31. The equation is:

C
T =KI" + K(2 '[' + K3 / dt

: ~wnere T =the torque command to the jyro torquing electronlcm;
£and K1 , K2 , and K3 are the proportional, rate, and inteqral gain coefficients.

S~Tne rate gain coefficient, K2 , is temperature compensated by the service processor.
S~This compensation reduces limit cycling which was a problem in the brassboard LCIGS when

gyvroecopes from d~fferent vendors were used. The control loop [as been implemented with
Sn 80-ilz bandwidt-h with a damping factor of 0.3-0.6. The torquing command Is an 8-bit
word transmitted to the cyro torquing electronics at a 2.4 KHz rate.

The design is based on the use of the INTEL 8088 m'cr~oprocessor which has a 16-bit
} internal •rchitecture and an 8-bit bus structure. The processor also contains a 2K byte

Pronramrable Reaa-Only Memory (PROM) for program storage and constants, and 256 bytes of
SRan. ~m Acces• Mermory (RAM) for variables and scratch pad memory. The memory capacity

and existing processor utilization levels are shown in Table 7.

H Table 7 -Gyro Processor Utilization

I _

RLAM 256 135 _

SPR(1M 2•048 12;00

I' ITim.e available is utilized 75%

-1,_ _ ._ .`_- -
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Service Processor
The service processor communicates with the missile system navigation processor

across a bi-directional serial data interface (500-KHz bit rate). The output 1/o struc-
ture is shown in Figure 10.

SERIAL PERIPUERAL BLOCK (SPBLOK)

NAV -

PROCESSOR PERIPHERAL PFRIAL tPSER)

DATA OUT

COMPUTER RECEIVE (CRXP5P]

RECE.IVE-TRAN45MIT CtlOCV( (RTX eLK)

COMPUTER TRANSMIT (CTX) . .. ... ....

DATA IN

A i lk SERIAL COMPUTER BLOCK (SCuLOK)
COMPUTER SERIAL (,CSER)•-

DIGITAL PARALLEL PERIPHERAL BLOrK (PPOLOK;

AUTOPILOT
PROCESSOR PERIPHERAL PARALLEL (PPAR)

COMPUTER PARA- LEt {CPAR)

Fig-ire 10 - CIGS!Missile Processor Interface

A variable length block transfer protocol is used. The discrete SPBLOK (see Figure
10) and the pulse PSER siGnal that the LCIGS output must have priority servicing. The
missile processor must respond after each PSER by clocking out two bytes of data plus
parity usiroj the CRX discrete and the RTX-CLK clock signal.

The missile navigation processor sequences block transmissions to LCIGS by signal-
inq 1hc SCULOK discrete and pulsing the CSER signal. When the LCIGS is ready to accept
the data transmission, PSEP will be pulsed with tne SPBLOK discrete reset. The missile
p[)Locessor will tht-n clock two bytes of data plus parity to the LCIGS with the CTX dis-
crcte and thu RTX-CLE clock signal.

The service processor coimunicates with the Digital Autopilot Processor (DAP)

L across an B-bit parallel data i terface. The service processor signals the DAP with the
PPBLOK discrete and pulses the 'PAR signal when data is ready for transmission. The DAP
can then clock out raw sensor data ( s.,. x~y,z and .%,\ x,y,z) using the CPAR liscrete.
This dlta ,ranýF-r c-cirs a

t 
a 400-H7 rate. This high rate parallel output is required

for stability i<l t.ihe inner lo:op missile control system.

Output transmissions fromn LCIGS include the preprocessed and formatted svnsor dat.a
( ,, and " yz) at a 100-Hz rate. Other output data includes gyro g-sensitive

drifts, output axis coupling, anisoinertia, and alignment parameters, as required. The
missile processor may also request specific LCIGS data (e.g., memory status', commands

th,: start-up seqiejl1ce, and initiates BIT functions.

The PSF functions through this I/U to implement test and calibration of the LCIGS.
After calibration, tho PSE can command the service processor to load the EAROM with all
of tlt new characterization data used to model the :enior errors.

The service processor, illustrated in functional form in Figure 11, is also mecha-
nized with the INTEL 8088 micropEocessor. Programmable read-only memory and random
acccscý mcir.)ry ari, also usel.I vm-inino h]ardware ý.m.p>onents include serial I/O, patallel I/O (autopilot), FAROM,
and a 10-bit A/D converter.

4÷
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Figure 11 - Service Processor Functional Diagram

* I
The memory capacity and existing processor utilization levels are shown in Table 8.

Table 8 - Service Processor Utilization

MEMORY CAPACITY UTILIZATION

RAM 1024 ?50

PROM 6144 3500

EAROM 384 300
I __ _ _ _I ..._ __0

Time available is utilized 10%

PECULIAR SUPPORT EQUIPMENT (PSE)

System level test equipment for LCIGS, designated PSE, was developed by CSDL in4 parallel with the brassboard LCIGS design. The PSE is designed to provide stand-alone
capability to s.jpport factory calibration, factory acceptance, and field maintenance
requirements. The design of the Industry LCIGS PSE maintained all features of the CSDL
PSI.. Limited physical and electrical modifications were necessitated by changes in the
interface (integral power sipply, and parallel output).

The fiew LCIGS PSF hardware confgouration is shown in Figure 12. The magnetic tape
system is a Eiiqi-Data 1730 MAXIDF:X featuring 9 tracks witn a 45-inch-per-second tape

*speed anid 800-bytes-per-inch packing density. It provides a mass storage media for all
PSF test programs and LCIGS test data. The Burroughs SII 1240-200 Display is a micropro-
ce;sor-based tlat gas plasma panel feaLurinq 480 alpha-numeric characters in 12 rows with
a maximum data rate of 1000 characters per second. This display and the keyboard are
used interactively by the operator to initiate and progress through the test sequences.
A DF)CWRITtN, the master control il-vice for the RSX-11S operating systen, can also be used
te initiate test proqrarns arid provide a hard copy of the to-st resuits.
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A PDP-II/34A-ME computer provides execution and control of the PSE test programs

and LCIGS data reduction programs. It also controls the PSE/LCIGS data interface,
keyboard, Burroughs display and the magnetic stripe reader/writer. The computer is a
floating point processor with 64K words of core memory and 1[< words of cache memory.
Cycle time is I us and 250 ns for the core and cache memories respectively. All
computer software has been coded in Fortran using the RSX-11S operating system. The
software includes algorithms to provide LCIGS performance testing in both attitude and
pseudo-navigation modes.

The magnetic stripe reader/writer provides the interface to a 1024 byte magnetic
stripe card %hich contains tne system identification and inertial sensor characteriza-
tion data. These data, essentially the same as that containec' in the LCIGS EAROM, are
used by the PSE to verify the EAROM contents and are updated by the PSE at each LCIGS
calibration or repair. Card information includes a system identifier, a vendor identi-
fier and serial numbec for each inertial sensor, calibration and thermal characteriza-
tion data, and sensor dynamic compensation parameter.

The LCIGS calibration software developed by CSDL, emphasizing minimum demand on
operator skills, has been retained in this PSE configuration. The program uses the
LCIGS interactively oy using six-position accelerometer data to establish the reference
frame for gyro calibration. Additional positions are used for the entire system calibra-
tion with a goal of obtaining accuracies of 0.1 deg/hr and 100/ ýg in 30 minutes.
Diagnostic programs are also included that monitor LCIGS self-tests or initiate special
tests to enhance fault isolation to a replaceable module.

MAGNETIC
STR IPE

READER/WAITER

MAGNETIC
[APt SYSTEM*ý

DISPLAY AND
KEYBOARD

DECWRITER nP

PSE 1/0

SUPPLIES

, ~POP 11/34A/

TERMINAI

Figure 12- LCIGS Peculiar Support Equipment
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LIFE CYCLE COSTS (LCC)

USAF studies have shown that the decisions made during conceptual and advanced devel-
opment programs basically define the Life Cycle Cost (LCC) of equipment (3]. Essential
to the successful transition of the brassboard LCIGS concept to Industry was the reten-
tion of the Production Unit Cost (PUC) goal. The PUC goal of $10,000 in FY '76 dollars
for a 2000-unit production cun at 1000 un ts per year was a key factor in defining the
basic design concepts. The PUC factors used in the CSDL brasshoard design were thorough-
Ly reviewed by LSI to determine if current technology allowed cost changes within the
framework of the LCIGS concept. The review validated the significant contribution of the
inertial sensors to the overall system cost and re-emphasized the necessity to procure
only those sensors with proven performance and cost history. Multiple source procurement
cf these sensors provides PUC credibility by using price information on a normalized
specification from established vendors. Additional cost factors, which are limited to
the !ndustry LCIGS, include design changes to improve system applicability to a broader
range of missiles (integral power supply and elimination of a form factor necessary for
the CBU-15 Glide Bomb), and elimination of commerical grade electronic components.

In the design evaluation phase, the basic system modules were identified and cost
targets were established to provide each designer a tool for evaluatina alternate
approaches. The Design-To-Cost (DTC) and LCC disciplinos were combined to emphasize the
reality of "total cost" considerations. The design review of each Industry LCIGS module
considered contributions from Reliability, Maintainability, Logistics, Packaging, Manu-
facturing, Quality Control, as well as the actual Module Design Engineer, to assure that
design trade-offs were accomplished and that the design selected represented an optimum
balance between cost and performance. As the system design matured, previous cost tar-
gets were updated as necessary to attain the system PUC.

The current PUC estimate for the LCIGS configuration is summarized in Table 9 by
major categories. The values shown for the CSDL brassboard are obtained from Reference
[5) and include costs of military grade components. All values are adjusted to FY '79

dollars.

Table 9 - Category Cost Allocation FY '79 Dollars

CSDL LCIGS INDUSTRY LCIGS

PRESENT GOAL

Gyro Modules (3) $6,002 $5,900 $5,480

Accelerometer Module $3,915 $2,860 S2,700

Electronics $3,936 $4,600 $4,260

Assembly & Test $1,879 $2,560 $2,040

$15,732 $15,920 $14,480

The evaluation of Life Cycle Costs must include consideration of Reliability and Main-
tainability factors so that the Operation and Support (0 & S) costs can be determined.
The Industry LCIGS reliability prediction based on MIL-HDBK-217B and Ref 16) is shown in
Table 10. This prediction was used with other necessary acquisition and deploy,.nt
parameters in the Air Force Loqistics Command Life Cycle Cost Model. The model for th.
LCIGS program assumes an all-up-round maintenance concept with missiles returned to a
Depot for repair, and a quantity of 18,000 missiles for a 10-year petiod. The results
show that 0 G S costs are less than 4t of the initial acquisition costs.

The Industry LCIGS -s also required to have a Mission Completion Success Probabili-

ty (MCSP) of 0.9800 under environmental conditions of a +55*C ambient, one year storage,
and mission operating time of 1.6 hours. The predicted MCSP is 0.9859.
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Table 10 - LCIGS Reliability Prediction

NON-OPERATING OPERATING
SUBASSEMBLIES FAILURE RATE (x 10-9) FAILURE RATE (x 10-6)

Gyro Torquing Elec. (Al/A2) 273.727 25.068

Gyro Processor (A3) 80.604 72.890

Service Processor (A4/A5) 214.947 109.742

Accel. A/F (A6) 122.625 9.559 I -i
Timing (AW) 133.185 9.0106

Power Supply (PSI) 82.844 5.915

Gyros 435.513 155.0934

Accelerometers 89.820 25.860

Misc. System 105.150 40.064

Total 1,538.415 453.202

MTBFo 2207 Hrs.

PERFORMANCE

The LCIGS performance requirements have been established by a series of Air Force-
funded studies to determine the lowest cost inertial guidance system that will provide
sufficient missile guidance accuracy in an aided-inertial midcourse guidance mode. The
Tactical Inertial Performance Requirements Analysis (TIPRA) programs performed by MDAC
and Honeywell quantified the inertial sensor performance requirements for planar-wing and
cruciform-wing GBU-15 Glide Bombs, and for a powered standoff missile. A prelaunch
transfer alignment and calibration maneuver consisting of 5.5 minutes of level flight
with half-S turns was used. Post-launch configurations using updates from Radiometric
Area Correlation (RAC), Global Positioning System (GPS) as well as autonomous strapdown
inertial were analyzed with inertial sensor performance ranges of 0.01 mg to 100 mg and
0.01 deg/hr-to-10 deg/hr turn-on-to-turn--on repeatability for accelerometers and gyros
respectively. A Kalman filter was used to estimate the missile strapdown inertial tilt
errors, azimuth errors, velocity errors, and sensor errors. The conclusions reached
included the following [1,2):

1) A 3.5-deg/hr gyro and a I mg accelerometer are adequate for all RAC missions,
the shorter range cruciform-wing GBU-15 mission, and GPS-aided missions with
break-lock ranges less than 10 nm.

2) Gyros in the 0.1-to-0.5 deg/hr range with a 1 mg accelerometer are adequate for
longer range missions and GPS aided aissions with early break-lock.

3) Higher quality accelerometers (0.2 mg) are required if significant lateral
maneuvers are anticipated.

4) Key sensor parameters are: Gyro g-sensitivw drift, gyro random drift, gyro
scale factor error, gyro dynamic rectification error, and accelerometer bias.

5) For unaided missions a precision aircraft navigation system such as GPS/INS is
needed: a 1 nm/hr INS is adequate for RAC missions with a pre-launch RAC fix.

Additional studies [7] conducted by MDAC optimized alignment and calibration tech
niques for LCIGS considering other powered and unpowered missiles with ranges up to 25(
nm. Various transfer alianment maneuvers weie analyzed by covariance analysis techniques
and a 39-state vaiiable real-world model. The conclusions of this study included:

1) A 5.5-mrinute axial acceleration aircraft maneuver, illustrated in Figure 13,
provided the best transfer alignment and calibration accuracy.

2) A 15-state Kalman filter provides performance nearly the same as a 39-state
optimal filter and is recommended with the axial acceleration .aaneuver.
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Figure 13 - Aircraft Axial Acceleration Maneuver

LSI is currently performing studies to determine the LCIGS autonomous navigation
performance due to the effects of a cruise missile flight profile, flight times exceed-
ing 10 minutes, fast reaction alignment and calibration, and low ambient temperatures.
Table 11 reflects the error model being used to characterize the system for these
studies.

Table 11 - LCIGS Error Model

ERROR TERM F STATISTICAL MODEL 1: VALUE

Gyro

Fixed Bias (turn-on) (deg/hr) Random Constant 2.0

Random Bias (OAt ) (deq/hr @ 1 hr) Random Walk (rate) 0.15

Random Bias t1A ) (deg/hr @ 1 hr) Random Walk (rate) 0.38

Random Bias (0A, (deg @ 1 hr) Random Walk (angle) 0.0042

Random Bias OIA ) (deg 1 hr) Random Walk (angle) 0.0072

Scale Factor Error (ppm) Random Constant 150.

g-Sens. Drift (along IA) (degihr/g) Random Constant 2.0

g-Sens. Drift (along SA) (deg/hr/g) Random Constant 2.0

Nonorthogonality (sac) Random Constant 60.

Fixed Bias ) .q' ) Random Constant 100.

Random Bias g 's; I h) 1st Order Gauss- 15.
Markey

Scale Factor Error (ppm) Random Constant 150.

Nonorthogonality (sec) Random Constant 20.

The !iunch aircraft navigaiton sy3tem is a GPS/INS with 20 feet (6.1 m) 1' posi-
t;,ýn ici-,;racy and 0.2 ft's(rc (0.06 mis I velocity accuracy. The alignment profile is
th.U uXi 1l, aocel eration r3nouujer of Figure 13; the missile post-launch profile consists of
a f)iqht a 800 ft,sec (244 m/s) with a 60-d(egree turn at 560 seconds. A 16-state Falman
fiLter was used with covariance analysis techniques to obtain the expected performance.

Figure 14 illustrates the anticipated LCIGS performance for a 10-minute flight.

.i. i

' i
__ __ _ _ ___ _ _ _ _ _
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Figure 14 - LCIGS 10-Mlsute Flight Performance

The figure shows that excellent performance can be obtained from the basic LCIGS configu-

ration. Performance over extended flight times, shown in Figure 15, shows that the

industry LCIGS thermal design and inertial sensor characterization provides essentially
Sthe same LCIGS performance for external ambient temperatures as low as -54"C for flight

times less than 25 minutes.
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Figure 16 shows the anticipated performance when a fast reaction missile launch is

necessary. The alignment profile is 10 seconds of +0.5-g axial acceleration followed by

10 seconds of unaccelerated flight; no calibration of sensors is accomplished because of

the very short maneuver time. The transfer alignment is accomplished with a GPS/INS and

the aligniaent accuracies cbtained are shown in Table 12.

Table 12 - LCIGS Fast Reaction Alignment Accuracy

Tilt: 1.5 and 1.0 min.

Azimuth: 6.7 min.

Velocity: 0.07 ft/s (0.02 m/s)

Position 20.0 ft (6.1 m)

I 12 - 20 SEC FAST REACTION ALI.NMENT

35 FROM GPS/1NS

10 & MISSILE VELOCITY IS 800 t/sec(244m/-ec)30

20E t6

05 2

0 2 4 6 10
MISSILE PLIGHT TIME - MIN

020 40 60 so
DISTANCE -NM

I,
0 ?c 40 60 s0 !00 120 140 16

DISTANCE - KM 160

Figure 16 - Fast Reaction Missile Accuracy With LCIGS

AddiLional simulations are being performed using the USAF Standard (F 3 ) INS as the launch

aircraft reference system. The LCIGS performance over more complex profiles with various

aiding system accuracies during missile flight is similarly being analyzed. Laboratory "

tests by LSI and subsequent laboratory and flight tests in the UTG and MGD programs will

complement these simulations and demonstrate that LCIGS yields highly accurate missile

guidance at a very low cost.

= I

I
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SUMMARY
The Air Force Armament Laboratory has developed a low-cost midcourse guidance technique suitable for

standoff tactical weapons. The technique uses the launch aircraft navigation system and Kalman filtering
to align and calibrate a weapon-contained, low-cost strapdown navigation system. Post-launch, the strap-
down system provides unaided inertial guidance along the midcourse trajectory. The strapdown inertial
sensor chosen to implement this form of guidance is the Low Cost Inertial Guidance Subsystem (LCIGS).
LCIGS is a modular strapdown package which uses embedded microprocessors, single-decree-of-freedom qyro-
scopes, and pendulous mass accelerometers. LCIGS has been desi4ned and built for use in tactical weapons: and features digital torque loops for the gyros and teilcerature compensation of all six sensors. Studies
have been conducted to project system performance, and the results indicate that through the alignment and
calibration process the predominant LCIGS sensor errors can be reduced by an order of magnitude. A flighttest program has been structured to demonstrate performance. The first system to be tested consists of a

brassboard LCIGS, a McDonnell Douglas Model 771 computer which serves as the guidance processor, and the
Completely Integrated Range Instrumentation System (CIRIS) which performs the aircraft precision navigation
function for transfer alignment. In a second series of flight tests the brassboard LCIGS will be replaced
with an Engineering Model LCIGS built for the Air Force by Lear Siegler, Inc. The Central Inertial Guidance
Test Facility (CIGTF) at Hollonan Air Force Base is the responsible test organization providing ground
test facilities and a C-141 aircraft. This paper describes the Unaided Tactical Guidance concept, the
system hardware and software to be tested, the LCIGS and the pre-flight calibration features incorporated
into its support equipment, uniqje laboratory testing to be performed on the systems, and the planned

flight tests.

1. INTRODUCTION

A requirement exists for an autononOus, all-weather, jam-proof, quickly targeted midcourse guidance
capability for use in tactical standoff weapons. Many forms of midcourse guidance have been forwarded as
viable candidates for meeting this requirement, but each has one or more operational limitations. Pure
irertial guidance has always been an attractive option for midcourse quidance, but the cost of high accuracygiuballed inertial navigators has precluded their use in "throw-away' tactical weapons, and the inaccuracy
of low-cost strapdown inertial navigators has prohibited their use unless position-aided by some external I
source. The primary cause of the inaccuracy in these strandown navigators is gyroscope and accelerometer A
sersor errors. Recent studies indicate toat through a careful infl*cht alignment and calibration process
the predominant sensor errors car, be reduced by an order of magnitude. This performance when coupled with
a precise position and velocity initialization, projected to be availaule from the tactical weapon-rarryinc
aircraft through hybrid LORAN or GPS inertial systems, makes unaided strapdown inertial navigation a viableI
midcourse guidance cardijate for tactical weapons.

Tne 'ir Force Armarrmnt Laboratory initiated a series of programs in 1976 to investigate the potential
of low-ýo~t straedown inertial guidance.' The Tactical Inertial Performance ReQuirements Analysis (TIORA)studies"' determined the gy-rscope ad accelerometer sensor quality necessary in a strapdown navigator to
perform tactical weapon ouidance when the navigator was position aided (Radicmetric Area CoTrelation or

IGlobal oitioning System position aidinql, or unaided. The Low-Cost Inertia. Guidance Subsystem (LCIGS)

program with Charles Stark Draper Laboratory (CSDL) produced a desisn and brasshoard hardware for a
low-cost, non-proorietary , strapdown inertial sensor that uses single-degree-of-freedom gyros, pendulous
mass accelerometers, and current microprocessor technology. The performance specification for the gyrosad oc..eleroaieters was established throuah the TIPRA studies.

The CSDL non-proprietary design formed the baseline fnr a follow-on LCIGS program with industry. This
program, inruxLry LCIGS , is an on-going effort to build 1ive engineering model LCIGS' for captive and
free-flight purposes.

In parallel Aith the L'-S effort, the Unaided Tactical Guidance (UT[) studies'7 were conducted to
deter-nire the optinum airborne a ignielint and sensor calibration technique for LCIGS. An LCIGS Sensor error
model, developed by CSUL from tnoir testing, -as used inr the work. These studies formed the basis for the
L'naidcd Tactical Guidance Validation ([TO',) flight test program which is an on-going effort to demýonstrate
unaided im.ertial guidance in a realistic ranner. This flight test program and the system hardware ard
software impleTentation will be described in detail in this paper.

,n another Airmament Laboratory progam, Digital Integrating Subsystem (D!S)9, the processing capability

for c weapon systen is being developed. This prooram will produce the specificatioi for a fedrrated set
of microprocessors corrunicating together through a multiplex bus; the hardware iir:)lenentation of the
specification wili also be a program output. In 1981, the DIS, LCIGS, and software necesrury to per'orn
unaided tactical guidance will be integrated into a testhed missile a'id free-flown in a midcourse guidance
depmonstrat ion.

S. . .. . . ,, .... . . . . . .. .., , i i •
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2. Unaided Tactical Guidance Concept

The cost of high-quality gimballed inertial navigators may preclude their use in tactical weapons.
Strapdown navigators with low-cost sensors are an attractive Alternative provided the desired performance
can be attained. As low-cost sensors typically have large turnon-to-turnon bias shifts a significant per-
formance benefit can be attained by inflight sensor calibration. The in-flight initialization, alignment,
and calibration technique is illustrated in Figure 1.

AIRCRAFT
NAVIGATION

SYSTEM

INITIALIZATION DATA AIRCRAFT
(POSITION, VELOCITY, ATTITUDEI VELOCITY AIRCRAFT

-•ISIL 0WEAPON

MISSILE VELOCITY & KALMAN FILTER
STRPOOWN

SESTIMATOR
T CORRECTIONS TO NAVIGATION

PARAMETERS & SENSOR ERROR ESTIMATES

FIGUJRE I. Airborne Alignment,Calibraticrn Concept

The straddc-;.n na-,,;ator is ini iglia- with r'jrrent position, velocity, and body attitude information
from the aircraft navigation syster-. Thereafter the system keeps current its or,,n naviqation solution, A
The Kalman filter estimator contains an error model for the missile naviqator which mathematically describes
critical straodown gyro and acccleroneter error terms. This error model is driven b.' the traj-ctory dv-
naTics os sensed by the strcacown system. Periodically durino the mated flight the Kalman filter samples
aircraft and rissile velocity and computes velocity, at iin,enr.t, and sensor corrections to the stradown
system. These corrections are fed back to the navigation processor and incorporated. The estin~ation
process is iterated until weapon release. To enhance observability of dominant errors, aiicraft maneuvers
can De performed.

The Unaided Tactical Gjidance studies were performed to determine the oqtirum transfer alignment and
ca-,ibration technicq for a specific itrapdown inertial measurement unit., the LCIGS. Tre sensor error model
useJ for the stuies was provided by Draper Laboratory. Gyroscope errors included: bias - .5 DEG/HR,
rardoim walk in rate - .1 CEG~iR at 1 hour ron the level gyros and .25 DEG.,'iR at I hour for the vertical
gyro, scale factor - 150 PPY5, gravity sensitive drift - I DE,;HR/G for the input axis and .8 DEG/HR/G for
the spin axis, ano non-orthocnnalitv - 133 sec. Accelerometer errors inclnded: bias - 100 uG, scale
"tactor - IS5 PPV, and non-orthogonaliy - 20 sec. The launch ai-craft was assumed to be equipped with
apcroximately a one nautical rile per hoer navigator auirrented with a Global Positioning System. This
hyrid navigator prosides a socothed accuacy of 20 feet (5.1 mi) ic in position and .2 ft/sec (.06 ,/sec)

in velocity. .he purpose of the GPS augmentation was to provide accurate -,i ssile positior and velocity
initialization at lainch. Three planar postlaunch traiectories, approxialAtelv 10 minutes in lenqth, were
used to determine system CEP. Study variables were the Kalman filter error state and the launch aircraft
maneuvers durino the alirinment/calibratiop phase. Side issues studied included the effects of wing flexure
on measuremient error, the effects o" tiue dmia uncertainties is Fissile und aircraft velocities, and
gravity anomaly effects. Covariance analvses was the major study tool.

The studies oethrnine.1 tfat for missions with relatively benion post-launch trajectories, i.e., minimum
turiring, the icst effective aircraft calibration maneuver was straioht and level flicht with two periods
of acceleration; specifically,

9., secords wir3us leve

.1g axial acceleration fr 1-_ to 23 seconds

210 seconis wnLs levee,

.Sj axial deceleration Lvr 13 to 20 seconds

're %Plocit-y 4--cirent . by the acceleration is ",xportant, hut the suai.e of the p.jlses or
duratio is r, t ritif al. -1 4s mae eer a' lo.,s gr,,d estiratic, n ,)f levcl-oro bi .s du;ri.. the periols cf

, level 1 .e',ocity chanmes are ,ade prxavril,, to ýll.I,.. aziz:uth colibration. Also observable
dk.r'n" toe ic-?e'erat," anrs of the prof-te are certair qvro g-sersiti.e drift terms.
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The suboptimal Kalman filter that provided overall best performance for the study scenario wasc-umposed
of 15 states: 3 velocities, 3 tilts, 3 gyro biases, 2 gyro g-sensitive biases, 3 acceler.0yVer biases, and
one accelerometer scale factor. Measuren~ents were made using 3 axes of velocity and a 5-second measurer..nt
interval. The simulations indicate that usino the chosen aircraft maneuver and the 15-state filter, gyro
bias errors can be reduced by an order of magnitude. The LEP for planar trajectories approximately 10-min-
utes in length is 500-700 feet (152-213 m).

3. LC!GS and Support Equipment

Tne brasshoard Low-Cost Inertial Guidance Subsystem (LCIGS), built by CSDL, is described in detail in
References 4 and 5. LCIGS is a modular strapdown inertial sensor subsystem which features the use of
embedded microprocessors and low-cost single-degree-of-freedom (SDF) gyroscopes and accelerometers (repeata-
bility 1-5 oeg/hr and 100-200 nicro-g). The block diagram of the system is shown in Fig;re 2, and a picture
of the hardware is provided in Figure 3. Five microprocessors (Motorola M6800) are used. one each per gyro
module, one per accelerometer triad (velocity reference module) and one in the service module. The service
module processor's electrically alterable read only memory (EAROM) provides storage for the LCIGS system
data base. EAROM is updated via the PSE following system calibration.

The gyro molules each consist of a gyro block assembly, a gyro torque electronics (GTE) card, and an
instrunent processor card. The low-cost SDF integrating gyros used in the brassboard are Timex IG-1Os.
The GTE conditions the gyro signal-generator output and provides the digitized signal to the gyro instrument
processor. This processor implements a third-order control loop algorithm and returns the torque comniand
to the GTE. The GTE applies a precisely controlled constant-amolitude current to the gyro magnetic torquer.
The GTE has been cunfigured in a ternary pulse width rebalance mode for most of the work to date; however,
the logic is reconfigurable for other i, odes via an instruction from the processor. The gyro processor also
compensates the accumulated Ae torcue count with temperatured-compensated bias and scale factor increments
provided by the service processor.

PIGURE 2. LC-,S S',sterr Mechanization
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li.e wlocity referenoe mrlhie (,RM) consists of an accelerometer triad, a velocity refervnce elec-
ronis (,R[E' sse,,. , anp instrjvent prLcessor. The acceleroieters in the '_Cl-S brassboard are t.he

SundS,.,',d jA 1206 ur'ts wic. are gas-filled, quartz-hinQed pendulum instrumxents. An analog torque-to-
baia;'-e uo{ integral to te unit. The cPceleroeter output voltage. •hich is procortional to accelera-

0ion, is an inout to the voltaq.e-to-frequecv (;.F] conver:er in the VRE. The V'F output frequency is
pro-traio.rli tC. acce'eratinn. The '.;M Drocessor accur-.la:es tne .. IF courts and applies temperature-cOT-
punS3*ed - a! aS ;..i S'a-Le faCtOr ncrertits pro, ideo by the service Drocessor. (Separate corpensation
coef:icients are mairtaired "or tne acceleroreters and the /.).

Tne service rodule processor performs system execjtive functions, outputs on-off commands to a trim
heater and blowe- to effect temperature control , and impleTents sensor compensation rrocessing functions.
The service processor's EARCY memory stores the following items: sensor bias and scale factor compensation
data mrclud' ng tem.erature sensitivity coefficients, sensor alignment angles, gyro g-sensitive crift, Syro
dyna~mc coup'irq ter-,s (gyro output axis couopir'- .... anisoinertial drift , and temperature control law
, para~eter_. The ser~ice processor computes the teTperatsre-compensated bias and scale factor corrections
that are applied in the irst-i.mert processors. These computations, based uporr EAROM coefficients and
scnsed temiperature data, are executed using the hardware mnltiply capability of the service module. The
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coefficients for the cross-axis type compensation (e.g., g-sensitlve drift, alignments, and dynamic cou-
pl ig) are passed to the nevigatlon processor where the compensation is implemented using the appropriate
&as and tVs.

The brasshoard LCIGS will be fliqht-tester the first phase of a two part test program. Following r
this set of tests the brassboard LCIGS will b laced with an engineering model 'CIGS, described in
reference 6, and further flight tests conduct( 'he configuration discussed in this paper uses the brass-
board.

W- I

A

- n I

FIGURE 3. LCIGS I'ardware (Covers Rer~oved)
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The Field Calibration procedure permits the calibration of gyro statiz and dynamic error parameters
using test equipment with very loose tolerances. The test procedure assumes that the LCIGS acceleronetet
nisalignments have already been accurately determined using conventional techniques. The gyro parameters
detennined by Field Calibration are bias, g-sensitive drifts, scale factor, and misalignment. The PSE
collects and stores inertial sensor data during eleven static positions and during six 90-degree rotations.
Ine tape containing the inertial data Is then processed via uncoucled Kalman estimators to obtain the
polynomial coefficients of the sensor output data. These coefficients are used in an algorithm that deter-
mines the gyro static and dynamic parameters using two or more passes.

4. Software

As part of tne Unaided Tactical Guidance Validation (UTGV) flight test proora:n, the software necessary
"for navigation and tran-fer alignment had to be developed. McDonnell Douglas (MDAC), the UTGV contractor,
chose to use FOPTRAN fo all applications software and some portions of the executive software. The Higher
Order Language (HOL) apilicatiors software is organized into strapdown, navigation, and filter modules as
shown in Figure 4. Tnl, structure is designed Lt minimize control logic and inter-module data coirunica-
tions and to facilitate the extension of thWs software to distributed processing system (e.g., the Air Force
Digital Integrating Subsystem). All three applications modules contain an initialization section and a
coa•pututional loop. The computational loops contain at least one buffered data input request which queues
on data availability. Control is passed among these modules by the scheduler as a function of priority and
current data availability. The strapdown module has top priority; it queues on LCIGS inertial input data

r- at 100 Hz. The navigation module has second priority; it queues on the transformed inertial data output
by the strapdown task at 10 Hz. The Kalman filter module has lowest priority; it queues on navigation data
c'tput and CIRIS reference navi.ation data at l Hz. Buffered feedback data consists of: navigation frame
rates sent from navigation to strapdown at 10 Hz; position and velocity corrections sent from the Kalman
filter to navigation at 03.25 Hz (nom;nal); and biases and tilts sent from the Kalman filter to strapdown
at 0.25 Hz (nominal).

4.1 Executive Software

The executive software provides multi-task scheduling services, inter-task communications services, data
input/output and formatting, clock maintenance, and operating system services required by the HOL. The
task scheduling system provides for priority-based multi-tasking (I.e., time sharing). Tasks are scheduled
by interrupt handlers or executing tasks upon occurrence of a significant event. Typical external events
are LCIGS inertial data input and CIRIS reference data input, whereas typical internal events are transformed
inertial data available and filter corrections available. A ready task is scheduled by being added to that
queue appropriate to the task priority level. Each queue operates on a first-;n-first-out (FIFO) basis.
If the task being added is hignhr priority, the current active task is preempted, and the new task is
initiated. This provides for fast response to time-critical processing requirenrents. The executive pre-
serves the necessary operating environment of the task being preempted (e.g., the current location counter,
registers, and status word), and restores the operating environment of a tasl'being restarted.

FIGURE 4. Software Mechanization
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The task comnuulcation services provide for buffered data message passing between two tasks, or between
--an interrupt handler and a task. This approach eliminates most of the real-time data interlock problems
-associated with asynchronous processing. The buffering technique insures the tipie consistency of data
within a message, and allows the "stacking" of inputs to a task to eliminate short-term real-time con-
straints. Two service functions are provided: SEND and RECM. SEND physically moves the message buffer
from the sending task to either: 1) the receiving task input buffer, if the receiving task has been queued

j on receipt of the message, or 2) dynamically allocated system storage in memory. RECV transfers messages
from dynamic storage to the receiving task input buffer (if the message had already been sent), or enables
the direct transfer by a subsequent SEND (this is referred to as message receipt queueing). If an input
message is unavailable at RECV time. the receivirg task has the option of: 1) an innediate return with a

-status parameter indicating the unavailability, or 2) of being preempted until the message becomes available.
This option is a parameter of RECV calling sequence. SEND is responsible for rescheduling any receiving
task waiting on the message sent.

The input/output interface software performs the following functions: data input and output, data con-
version to and from MOAC Model 771 internal format, measurement of arraval times, and the calculation of
"effective" times of input data. The I/O interface software utilizes the task conmunication services to
SEND input data to the appropriate processing functions and to RECV data for output from various processing
functions. The I/0 functions provided are LCIGS I/O, CIRIS input, OCP 1/0, and DAS output.

The executive software also Includes system service functions. Clock maintenance service is provided
to support a programmable count-down clock which measures current time within I0 microceconds; a FORTRAN
run-time library is provided; and various supervisor calls are implemented to provide linkages between the
executive and the applications software.

Built-in test functions are included for flight readiness checks. These tests include: LCIGS test,
CIRIS test, OCP controls and displays tests, and the DAS test. For the LCIGS tests, each gyro is
sequentially torqued to a progranmed null offset position and then back to a null position; whereas
accelerometers are checked passively by nonitoring reasonableness of the measured accelerometer outputs.

4.2 Strapdown Module

The strapdown module performs dynamic compensation of the LCIGS inertial data, implements a quaternion
algorithm to determine attitude, and transforms acceleration data to a local-level navigation frame (East>
North, lip). LCIGS inertial data compensation is performed for the following coupling-type terms:
g-sensitive gyro drifts, anisoinertial gyro drift, gyro drift due to output-axis angular acceleration, aid
misalignments of gyro and accelerometer axes. These terms are computed at a 100 Hz rate using pre-flight
error coefficients stored in the LCIGS EARO1 memory. (Note - LCIGS inertial data is compensated within
LCIGS for temperature effects on bias and scale factor prior to transmission). The Inertial data is also
compensated for error terms determi.n.d by the Kalma)m filter during the in-flight transfer aliqnment/calibra-
tion maneuver sequence.

A quaterniot. representation is used to define body attitude relative to the navigation frame,

q = q wB " q I
where

inertial attitude rate (in body axes)

Yri =navigation frame rate (in navigation axes)

The navigation frame rate consists of earth-rate terns plus vehicle transport terms (i.e., velocity divided
by earth radii). The inertial attitude rate (w ), sensed by LCIGS gyros, is highly dynamic; whereas the
navigation frame rate (y ), computed in the nav~gation module, is a relatively small, slowly changinq
variable. Therefore, a Neneralized third-order 100 Hz quaternion algorithm Is used to compute

q I
and a first-order 10 11z updute is used for the frame rate term,

q' - v t (4 At

Ihe 100 Hz LCIGS velocity increr:erts are transfor:red to the niavigation frame at 50 Hz using the trans-
fo,-"aticr ratrix co.ip'Jted froi the qjaternioes 3t the :ildcooint of the interval. The navigatior. flame
veloc*ty incre'ionts are ace.-; tlated over a 0.1 second inter.al and then sent to the naviujjtion !nodule.

4.3 lvivJation 'lu.ule

Ii1n navvigation ianodule coeuute. trr'etit ý, os;tiur ar.aj vel)city using a coodetic earth iedel . ',elocity]
is integrated into positio' at 10 1I; using travezoidal integrition. Niavigation fraic rates (¥.) are]
coi-ptted and fed back to i"1 strp0...n rodule.

T hIe naviqatior. module al]n ý,ertorr;_," ; 0-iv sinl'o,:' fur~ctioLons 'or the Kal--ian filter. This e:)dulu
'jern' 1e t y,', ,l ;is hei f : ln , an filter stateil d' n ii:c ts i ri' (I -rr.otri- ) that va-r-v ra)nidly i th
wehicle att t',d ... ji•. "i', .l týliet , '.h Involve teras certainirn accelerations ('r, A. A ) ara
tile dir"ctiosa ccvsnt' w.t"tri, , are accu:'"jl,.itel it A z i rate and averaged over a one-stconj illerv3 . j

4



4.4 Filter Module

A conventional 15-state Kalman filter is employed to process three-axis CIRIS velocity measurements at
a nominal rate of 0.25 Hz during a transfer alignment/calibration maneuver sequence. The Kalman filter code
has been optimized via sparse-matrix techniques, partitioning, and symmetry considerations and is 5 ompatible
with single-precision floating-point processin,. The filter mechanization, based on the UTG study , includes
the following states: velocity (3), attitude (3), gyro bias (3), g-sensitive drift (2), accelerometer
bias (3), and axial accelerometer scale factor (1). During the navigation phase, the filter is augmented
with three position states. These states facilitate flight test navigation performance analysis (i.e., com-
pare actual position errors to filter variances), and provide a growth capability for midcourse position
update systems.

The state transition matrix (0) is propagated using the system dynamics matrix (F) as follows,

0' (1 + F t)¢
where the time interval is nominally one second. The covariance matrix oropagation algorithm ii,

P,= p T + Q It
where Q is the driving noise matrix. For LCIGS, driving noise must be added to the attitude states (3) and
gyro bias states (3) to reflect the random characteristics of the low-cost gyros (i.e., random walk on
attitude and random walk of gyro drift).

A filter tuning feature called "turn compensation" is included to enhance filter performance during
alignment turns without impacting wings-level performance. (Note - a wings-level axial acceleration
alignment maneuver was recommended in the UTG studies). Additional driving noise is added to the attitude
states during turns to compensate for unmodelleo gyro scale factor and nonorthogonality errors. The cam-
vensation algorithm is,

4Q (attitude) = C 2 + (sin ,2
'r C2 (tz

where I
Cl, C,. = constants @

wX x-gyro (axial) output

f = roll angle

V = iehicle velocity

A delayed observable mechanization is used to incorporate Kalman updates. The Kalman gain (K), computed
at the effective measurement tine, is propagated to the measurement-inccrporation time via the appropriate
state transition matrix,

K' = K

This feature permits Kalman corrections to be efficiently incorporated into the state long after the
effective measurement time and minimizes processor throughput requirements by permitting Kalman operations
to be spread out. It also provides growth capability for midcourse update applications (e.g., terrain con-
tour matching) where the measurement is delayed.

5. System Test Configurations

The UTGV test configurations consist of a flight configuration for operation in the C-141 aircraft and
a laboratory corfiguration for irtprface and software development. The flight configuration consists of the
LLIGS, guioance processor, an operator control panel, and a power cýntrol and conditioning unit. It inter-
faces witn the Completely Integrated Range Instrumentation System (CIRIS) for transfer alignment and with
a data acquisition system.

5.1 Flight Configuraticn

The f~ight configuration is shown in Figure 5. The LCIGS ,trapdown inettial package provides incremental
sensor data. 'V's and ao's to the MDAC Model 771 navigation pcrLEssor in response to a comsand from the
navigation processor to initialize and start the transfer of ,.iertial d3ta. The LCIGS data is compensated
via tencerature-corrected bias and scale factor coefficients prior to transmission. Sensor data compensa-
tion is completed in the naviqation processor v.:.ich incorporates the couplinq-type terns, e.g., g-sensitive
drift, arisoinertial coupling, outriut-axis coupling, and nisalignvents. The coefficients for these terms
are tranrrsitted fron' the LCIGS [AROM• renory during initialization. The navigation processor performs
executive functions and imrolenents strapdown navigation and Kalman filter algorithms to effect transfer
alignment and uraided navigation. The navigation processor also performs system integration functions v~a
digital interfaces with LCIGS, the CIRIS reference navigator, the operator control panel (OCP), the CIGTF
data acquisition systen, and the Silent 700 printing teirinal. The CIRIS serves a dual function: (I) per-
forms t~e function of a precision aircraft navigation system whicn is required for UTG missions, and (2) pro-
vrides Ire scor.nn reference for fliqht data performance analysis. CIRIS transrits a data block containinc
attitudc, position, and velocity rofrnrm data. The complete data set is used by the navigation p-ocessr
to initialize the stra('dovn navigation systei', whereas a velocity matcn is used for transfer alignment.
The OU applies power tc the system and seouencPs the navigation proce;sor through program loading (from ak iektru':ix taiL cdrt1dLJL'), alignT-ntt, navigation, and test. modes. Display- are provided for Tcnitorinq
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system performance data, failure conditions, and the operating mode. The CIGTF Data Acquisition System
(DAS) is the primary means of recording flight data, however the Silent 706 printing terminal will be used
for quick-look data output during all ground tests and during C-141 flight tests. The power control unit
(PCU) conditions aircraft power for the LCIGS and the 771 processor, routes unconditioned power to the

LCIGS heaters and blower and to a blower for the 771, and converts single-ended LCIGS signals into double-
ended signals for interfacing with the /71. A picture of the flight hardware is provided in Figure 6.

"AIRCRAFT POWER OPE T CONTROL

POVwER CONTROL UNIT PANEL

SV )CIGTF DATA

BRASSBOARD ACQUISITION

NAV PROCESSOR SYSTEM
6CNI• G EDACNMODEL 771

"• EXEC
"• STRAPDOWN •

•NAV
FILTER .

0I ALIGNMENT DATA -- P-INIW

0 SCORING VRFF TERMINALS~~(SI LENT 7001 )

S I.UDAC FURNISHED

S .Al FURCE I LjRN!SlEi

FIGURE 5. UTGV Flioht Configuration
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5.2 Laboratory Configuration

The laboratory configuration provides the basis for navigation equipment interface development and
navigation software testing. The laboratory configuration features a switch box to provide the capability
to switch LCIGS data siqnals from the CSDL Peculiar Support Equipment to the Model 771 processor without -

gyro power interruption. This capability facilitates software development and PSE-effectiveness evalua-
tions.

The laboratory configuration is shown in Figure 7. The MDAC-built equipment (heavy lines) operates in
conjunction with the CSDL-built LCIGS, PSE, and remote terminal. The PSE provides a stand-alone system
level test capability. For stand-alone operation, LCIGS is connected to the PSE via the remote terminal
which routes power to LCIGS and converts LCIGS output data from single ended to double-ended signals. This
conversion to double-ended signals is required to allow transmission over long laboratory interconnect
cables. The PSE, described in Refererce 4, consists of a Norden PDP 11/34 minicomputer, digital 1/0, a
DEC-writer hard copy console terminal, and a ragnetic tape for mass storage of both PSE test programs and
system test data. The minicomputer implements the following functions: 1) navigation performance tests
using a simplified alignment/navigation mechanization, 2) three calibration procedures (Traditional
Calibration, Field Calibration, and AutocalP along with EAROM data base management, and 3) diagnostic test- _J
ing for fault isolation of I.CIGS hardware and software.

SPOWE R PECULIAR"

REMIOTE 4 - SUPPO09T
TIE RtIlNAL 4 0 EOUIPMIENT

T PSE)

LCIGS
D A•F-TA , C OPERATOR

CONTROL
_QOXPANEL (OCR)

NAV PROCESSOR PRINTING
LDATA MDAC MODEL 771 TERMINAL

W MODAC FURN!SHED

D AIR FORCE FURNISHED

FIGURE 7. L'TGV Laboratory Configuration

The VDAC switch box provides the capability to electronically switch LCIGS data sinals from tne PSE to
tne MODAC .lodel 771 navigation processor witnout interruption of the PSE-supplied power to LCIG3. This allows
a comparison of LCIGS inertial navigation operation with either the PSE or Model 771 without turning off the
LCIGS gyros and introducing large gyro bias shifts. This provides a cross check of processor hardware,
interfaces, and software. it facilitates the evaluatiorn of PSr effectiveness, an objective of the UTGV
program.

6. Test Peculiar Hard-Aare

As discussed in the system test configuration section, the UTGV test prograrr will interface the LCIGS,

a guidJance process'-. operator control panel, and a vower control unit into a system. This section describes
the -.rocessor, digotal interfaces, and operator control Fanel used for the test program. Eventually the
LCiG'-. will be interfaced vwith the )ioital Irtegrating Subsystem (DIS). The software developed for the UTGV'
orooram will bte im.plementeo in 0'S jnd a free-flight cqidcourse guidance demonstretior program conducted.

6.1 ]tavigation Frocessor

Tne MUAC Model 771 is a ruggedized, highn-spred, 16-bit ý-ner.i purpose processor built by McDonnell

Doiql as strra it CS-!iuntington Bea cr 1JAC-I, . The -.odel 771 is currently beinq applied to the Joint
rTactical Inforration Distribution Syster, (JTIC') terTirl processor where flight tests in an F-4 rod are

planned. It is also the selected processor for the tDAC-HB Advanced Lightweight Torpedo (ALWT) proQran.

The Model 771 is rased upon the -.1'-l 2900 logic family and emulates the popular Perkin-Elmer (Interdatal
F,'16 co.•wercial n'nico-iFuter. It provides a larqg instruction set, including fixed and sinolP-!,recision

4 floating point aritninetic, and instructions for byte, logical, shift ard input!output operations. A hardware



implementation is used to provide the capability for high-speed single-precision floating point operations.
This capability is highly desirable for executing the HOL code in general and the Kalmar, filter code in
particular. The single-precision floating point word is 32 bits (21-24 bits of mantissa depending on the
data). The 771 has 16 gereral purpose registers (15 useable as index registers), and eight single-precision
floating point registers. Input/output is based on a unibus-type architecture, and 16 hardware priority
interrupts are provided (expandable to 64). A 32K 16-bit word memory is used.

The 771 has a cycle time of no more than 267 nanoseconds. RAM memory, with an access time of 240 nano-
seconds, is used. Approximate instruction timing with this fast memory is as follows:

Floating Point - Add/subtract 3.0 microsec.
Multiply 8.0 microsec.
Divide 15.0 microsec.
Load 2.8 microsec.
Store 1,2 microsec.

Fixed-Point (memory to register)

Add/subtract 0.72 microsec.
Multiply 5.04 microsec.
Divide 8.83 microsec.
Load/Store/Logical 0.72 tricrosec.

Double precision floating point arithmetic is emulated in the software. Its use is restricted, for
efficiency. to adds and subtracts, and is only used where necessary (e.g., ir, quaternion, velocity, and
position integrations).

6.2 Digital Interfaces

The LCIGS/771 interface provides for bidirectional serial data transfer between LCIGS and the Model 771
at a 250 KHz bit rate. A variable length block transfer protocol is implemented with hand shaking in bothl
directions. The line protocol allows LCIGS to interrupt any incuming tr,-nmmission from the Model 771 in
order to transmit time critical inertial data to the 771. The 771 interface provides interrupts to the
software for each word received from or transmitted to LCiGS.

The CIRIS/771 interface is a one-way serial cormunications from CIRPS to the 771 at a 2.4 Wlz bit rate,
in 1 Hz data blocks of 24 16-bit words. The data blocks are surrounded by a data envelope signal line.
The clock is provided in the CIRIS UART (Universal Asynchronous Receiver-Transmitter), Due to the high
trans,'nission rate and lack of inter-cmputer handshakino, incoming CIRIS data is buffered in FIFOs in the
771 interface electronics. Interruots to the 771 software are therefore provided only at start and end of
DIO K0.

The 002,'771 interface provides bidirectional serial co-runications et a 250 KHz bit rate. The 77!
interface, under software contro,, initiates transfer in both directions. Inout from th-e OCP is one 16-bit

wsrd containing the current positions of all switches and controls. Output to the OCP consists of three
16-oit words to drive all iichts and displays. The CCP lizhts and disolays are held constant to the data
last received fro' tre 771. The 771 scttware will service both input and output at 2 14z, although input

and output does not occur st tre sane time. The transmission clock and all shift counters are provided
fro-, the --7: irter'ace side.

T-e ,, ý [erecides *e- .v16-bit P ll data .ath, 5wth hancshaki'Sg to allo- each

Processor V77i and C,;) to orperate at its cwn converient speed accrrdinc; to cur-ert processing demands.
sr.. i ons are wade -or the ',itS to, s!;r,.A1 rocord ino crcrLle.s hac t

: tr the 771 (e. o- . es -of-tape reached).
Wren ttin- [I.o is not connectei,. tle 77- 1iterface .l au tonati all 1 rovide the problem sional to tne 771
53t twart-.

6.3 Qperat:r Cor:trroi "anel

Tee f;;.-ratur Cor,t-,cl Favel , ýic,;m in Firo i. provides controls for rrocrai, load, mode select,
reiererte taviy jatcr select , o:d es! ,d sia:,' selext. Iisr' avs aret provided for nonitorirc system per-
frlrarice oCta, aai Cure anodltiO . ,rir(d operalitiq mode. The fl.I sce telec t rotary switch controls vsyster:
P'o;;er to tI,- 771 l~r,-cesser aird L'if J ren ,,rni-vi when irir tntrie PF 5 pos ition , enatbles co-,pter progran l oadinq,
ia Ij thu seition , ,i os r 01c ir •rr c lioi . (..ievatin n,r,-$ co,,si-t of TEST, starndby lSTisv) , transfer
J - . ir ,ait .,i io (... T 6ST rcrdr :rovncs. five t-•i't-i4-.-tosts which- are indt-

ily shectatle --a t'e t JIt/dis 5a,' seO-ct trumn-,,teel. Tne tests arc inte.ded to verify system flight
''di'e On .'~U•r

1 
(urne'Cr, .- ,5- i ti-sr t.- t!r,. module level. Stand", -:.,dc r-,ci-des a nononerat-nal state

.hich effe tively reirt itializes fil-er iarar-elers between run; an( disables fliort recordina. ALI; mode
cAc, Ile ertlrr-J eit, r fror S- 0, t,V Wiodo. In the latter case, filt'r cara•reters (em.., biases) are not
reir.,tir•rlzad Iris ca-, biit--isi"- drod4 to allow r'ultitositior static lab a'iqnT.erts "VA,; rode car he
e ,e- to' d. .r q r' J --osti s ii i,j i i -, r to e, c I .- oi:4 faulty reasre-ý-rent data' . hi reference navigator select

s -..ith is u'-t; LU,- the 771 sjftwa.re to deter.t're ',,,h reference data to use, C lOIS or corstant laborator-,
;.ode' :t'ra. -lir.4, relu-r n rdi' , i ts autonatically started irCL arn d ri ol ro es_

The si,.-diijit s~steýr pe!trwr,-ance displa• is controlled 1y the test/disolay select thunbwheel in all but
TEST mode. (In TEST mode, the display is controlled by specific test requirements.) Examples of selectable
parameters are: mode time, position, velocity. and navigation errors.

Extensive and cortinuou;s error condition ronitoring is provided to supplement the built-in-tests. An
error light is provided, aiong with a two-digit error code display. The following are examples of monitored

"" error conditions: LCtGS overheated, LCIGS and/or CIRIS transmissions overdue, navigation errors exceed
tolerance, and LC;KS sensor failures.
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FIGURE 8. Operator Control Panel

I A

7. Test Plan

The test objectives of the UTGV program are:

1) A detersrination, through systei level testing, of the magnitude of LCIGS sensor errors.

2) A determination of the effectiveness of the peculiar support equip.aent (PSE) designed for LCIGS in
performing pre-flight sensor calibration.I) A determination of the effectiveness of the 15-state Kalman filter in initializing and aligning the
system and calibrating the LCIGS' senior errors.

4) A determination of the nost effective aircraft maneuver for making the LCIGS sensor errors observ-
able.

5) A determination of system accuracy over tactical weapon trajectories up to ten minutes in length.

The test plan calls for an in-house laboratory test phase at MDAC and a Hlolloman AFB (H.AFB) flight test
1 hase. The in-house tests are primarily concerned with system validation and special PSE Effectiveness
tests using the switch box capability of the lab test configuration. The Holloenan test plans include
laboratory tests and C-A1A flight tests. Flight testing will emulate as closely as possible the Unaided
Tactical Guidance study scenario. The CIRIS is very similar in accuracy to the GPS/Inertial system used
in the studies. Benign weapon-like trajectories will Le fleo.n by the C-14l to si-ulate post-launch dynanics
and a variety of alignment maneuvers will be tried to determine which allows best sensor calibration.

7.1 Laboratory Tests

Followsin system inteoration and software debugging, in-house testing will be conducted at MDAC to
validate system navigation perforrmance and initially assess PSI etfoctiveness. These tests will eiploy b.th
the laboratory test contiguration and the flight test configuration rrevinisly discussed (Section. 5). The
laboratory configuration will be used for software validation and PSE efiecti.onniss testing because t!he
switch box feature allows the processing of LCISS outpnts to be done in either the riSE or the 771 which is I
useful for comparative analysis.

The CIGS navigation system performance will be validated in-house through multiposition transfer align-
ment and navigation runs using lab reference (e.g. , zero velocity) as the alignment measurement. The tests
,.11 be performed on a two-axis tilt/indeA table with five minutes allotted for each position in a transfer
al gnment sequence and 10 r'inutes for the navigation phase. Ihe following is a listing of the tests:

a, Static transter alignient and static navigation



U. Static transfer alignment and two-azimuth navlgatiun

c. Two-azimuth transfer alignment and two-azimuth navigation

d. Static transfer alignment followed by navigation with the LCIGS dipped from the alignment position.

e. Transfer alignment with dip and navigation with dip

f. Static transfer alignment and navigation with Scorsby motion

During these tests, position, velocity, attitude, and sensor bias estimates are printed on the Silent 700
terminal for data analysis.

PSE effectiveness will be determined by a series of in-house tests utilizing the switch box capability
of the laboratory configuration (Figure 7). These tests consist of a PSE calibration/navigation sequence
followed by a transfer alignment/navigation sequence using the Model 771 processor. The gyros will remain
powered throughout the entire test so that gyro error estimates and navigation results from the PSE and 771
processor are comparable. The following specific tests will be accomplished.

a. A PSE 1-position Autocal will be followed by a 10-minute PSE static navioation run. A static
transfer alignment and navigation will immediately follow. The navigation results and filter estimates of
gyro tivs will be compared with the PSE navigation results and PSE estimate of gyro bias.

b. A PSE 3-position Autucal test followed by a 10-mrinute PSI navigation run with a S-degree dip will
be performed. PSE gyro error estimates and position and velocity results will be recorded. A transfer
alignment with dip followed by navigation with dip will then be performed and the results compared with PSI
results,

c. A PSE 1-position autocal test followed by a 10-minute PSE navigation with Scorsby motion will be
performed followed by a static transfer alignment and navigation with Scorsby motion. The gyro estimates
and position and velocity errors will be compared.

d. Gyro bias and the three acceleration-sensitive drifts will be determined for each gyro using the
5-position PSE traditional calibration. A test will then be conducted using a series of transfer alignments
to provide estimates of gyro bias and output and spin axis acceleration-sensitive drifts. The results will
be compared.

7.2 uTG Flight Testing

System performance tests will be conducted by CIGTF at Holloman AFB. Three types of testing are
planned: laboratory, ground, and flight. During laborat!ýy testing, the navigation system and the PSF will
be evaluated using tables with 3-axis and rate capability. Ground tests will be used to revalidate the
systen prior to flight tests arid to evaluate the system under Scorsby motion. During flight tests, the
system, will be installed in a C-141 aircra,t equipped with CIRIS to evaluate navigation perfor.ance in a
flight environment.

Laboratory tests will be used to determine the effectiveness of the PSI in calibrating LCIGS and to
determine, through system level testing, thi characteristics and magnitudes of LCIGS sensor errors. Figure
9 shows the laboratory tests planned and the objective of each test.

Ground testing will be performed to validate system operation Prior to flight testing and to collect
additional performince data. Tests include: static alignment and static navigation, two-azimuth alignment
and two-azimuth n,..:gation, and static alignment followed by navigation with Scorsby motion.

A summary of the planned C-141 flight tests is presented in Figure 10. Transfer alignment maneuvers
incl•de acceeration'deceleration, half.S turn, and rudder-only turn maneuvers. The 10-minute navigation

* profiles car: t of straight and level, turn, acceleration, and descending trajectories. Transfer align-
v~ent sequenc, are repeated at least six times, and the navigat'on profile, with a specific alignment, are
repeated at least three tirres for statistical evaluation purposes. Froi the data collected on these
flights, a determination of the effectiveness of the Kalman filter in initializinq and aligning the system
anc •alibrat'ng LCIGS sensor errors can be made. Additionally, the most effective aircraft maneuver for a
g i..er post-launch navigation profile and overall system CEP over various tactical weapon trajectories car

.... determined. Data analysis will be performed independently by both MOAC and CIGTV personnel. The CIRIS

isition and velocity outputs, time-taaged and recorded during flight, ,ill serve as the absolute reference
io, the analyses.

I
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FIGURE 9. CIGTF Laboratory Tests
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FIGURE 10. CIGTF C-141 Flight Tests

TRANSFER ALIGNMENT (6 MINUTES) NAVIGATION PROFILE (10 MINUTES)

ACCE LERATiONDECE LERATION
6 STRAIGHT AND LEVEL FOR 3 MIN AT 1 TRAIGHT AND LEVEL

250 KTAS 063 kn~.I2TURN 16Yt TURN AT 300 BANK AT
* AT 3 %11N ACCELE RATE TO 350 KTAS I MnL)

(649 kr, hrI 3. ACCELERATION :ACCELERATE TO
* AT 3.5 MIN DECELERATE TO 250 KTAS 350 KTAS AT i MINi

(463 ki.'hri 4. DESCEND A! 1000 OT MIN i305mimin)

0 STRAIGHT AND LEVEL AT 250 KTAS
(463 km 1lr)

ACCELERATItjN DECELERATION 1
* SAME M.ANEUVER SEQUENCE AS 1. TURN (600 TURN AT 300 BANK AT --

A B O V E F0 ,1N 1 5--

* CIRIS AIDING OF AIRCRAFT NAVIGATOR 2. ACCELERATIO• lACCELERATE TO
TURNED OF[ I 350 KTAS AT 1 ,IN

COORDINATED HALF 3 TURN
* STRAIGHT AND LEVEL FOR 3 MIN AT 1 STRAIGHT AND LEVEL

350 KTAS 1649 k,. i, 2 TURN ,60O TURN Al 300 BANK AT
* 450 TURN AT 300 BANK i05 bIN% i .INI;

* 900 TURN AT .30o BANK , i MIN)

* 450 TURN AT 300 BANK 10.5 MINI

* STRAIGHT AND LEVEL ýI MINI

COORDINATED HALF S TURN

0 SA,'tE ;AANEUbER SE 2UFNCE AS I STRAIGHT ANI) LEVEL
ABO\, E 2 TURN 600UTURN AT 300 BAh.K AT

a TURN COMPENSATION INHIBITED 1 ;.IN

EXCESS RUDDER TURN-
a STRAIGHT AND LEVEL FOR 3 MIN AT 1 STRAIGHT AND LEVEL

350 KTAS 1649 krhr:r( 2 TURN G60 TURN AT 300 BANK AT
a 450 TURN AT 1 5 DEO'SEC HEADING 1 MINI

HATE WITH EXCESS RUDDER
0 -900 TURN WITH RUDDER-
* 45o TURN WITH RUDDER

* STRAIGHT AND LEVEL 1 D`,IN'

8. Conclusion

The nard.ai. and software described has beer integrated to form, a flinht-readv system. The Laboratory
testing described in Section 7 will Lontnence in Pay 80 and the system sent to Holloman AFB ir mid-June 80
for flight test. The flight testing of the brassboard LCIGS system will be completed in October 80 with
engineering model LCIGS systen flight test to follow shortly thereafter. In October 81 the UTG concept
will be free-flown in a midcourse guidance demonstr3tion.
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ABSTRACT

The ootimal cuidance laws proposed ror air to air missiles are generally based upon a criterium.
involvino the miss distance and sometimes the energy consumed for manoeuvering.

These ouidance laws lead, assumina a linearization around the collision course, tc proportional
navigatiorn in the sirrplest case, ann to the well known four state law, if additirnal refinements are
introduced.

However, these results assuTe iiplicitely sinall perturbations around th. collision course, or a
relativel v lone range firinq ; this is not the case with air to air dogfight missiles, specially with
large off-boresight launcr corcitiors and snort firirn ranges.

The aim cf tre study whic;" has been undertaken was to derive an "opti.,al" guidance law (taking
into acccunt the fliaht time and the consumed energy in the "cost" function), without oaving to assume
linearization, i.e low ott-boresvint conoitions with resIpe,.t Lu thie colilisor path. A condition on
tisb distance is set by imposing a constraint on the final state missile to target range. The study
has beer, conducted assunin a constant speed missile, which hbs led to a closed forme analytical expres-
sion for the guicance law.

However, this solution irý:poses to know the final state in order to solve difficulty, we have
developped an algorit-i to mecharize tiie guidance law.

The recsuts cbta'nreA wit' the opt-T`. iudiarce law have teen compared to the ones obtained with
Corventic!il proportional navigat'ons 1 tr,.e P.N and pure P."• "-

The resvlts Show that the op;,-ral c!.ijance law derived in t!.is study is always coivernent, even
in) firing conditicons where TP.R. failis 1ar" off boresioht\ ; however, it seems that P.P.i. leads to
vAry conmracnble results, provided tne rain is adeou-tely adjusted, without the comnlicatior of needing
the final state krnowledge.

1. INIkOC'JCTiC'l•

Les Inii de cýidace ootiis!es classioues, ifour state law, pa.- exemple', sup,,osent qu. !L missile
est tire at, %oisinage des conditicons de collision.

Or .• ai -'. noritreus cn sis missiles on cortat raporocre futurs seront tirns avec un fort depoin-
i tare initial par ralport a cos conditions.

Pour tooter oe risouore ce prob;rie, nous avoný etudit une loi de naviga,ion 'optirale" pour un
mivre is'e'ouant drns ri plan, 3 vitessr constanto, wais sans hyvn:hAse simplificatrice sur la direction
13p son ecLt(-i ritp0 .

'Le -:t":rf h''rt•rnýaticr oheni c'coerne It- temps d° so: et 1a cons,ýmration d'erwcoin.

Dar's le ca. dhe,, i'ssie Cvnluart - vitesse constanto et disnosart d'un temn- ce reponrs en actid16-
rot~on lat.rale irfitnirment court, urnr for,;,lation anal,tique de cette 0oi de guidage optilrale a pu Atre

*,c~s avrs ersoite diflii ur. alorithrn de resolutior en vue d'une c'vcanisaticn Ce la loi. On peut
1r ti isr cette 10i sur u odle jlan s,,s rea!iste (missile Dresentait des saturations de manoeu-

S-airlIilt, I L-le -r!oourantey .1

1
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2. CINEMATIQUE ET EQUATIONS D'ETAT

Supposant que la cible et le missile @voluent dans un plan, la geom~trie relative de ces deux mobiles
est d6finie par la figure suivante

V VT

0 VT

Asec

0Y.Y repbre inerte! de. rA<rpnce

I position dee hu co'e

I" Vctes' vItesse die 1c -We

n,.r mdeulee o1e itesse rdo le cite

VT angle (OX, ,) defirissant la directior d; la vitesse de !a cdble par raroort au reocre ine-tieI.

a accelbratcr e la 'i.iP ncrz a'c au vecter vitesse

M posit ion d mssile

*sy, coordonntes du missile dens le repgre OX'05

i,, vecteur vitesse dn k ssile

" riocdule ce )a vitesse du r'issile

1.•,• angie (OX, V' difirissant la direction ce la ,itesse dou rissile par rapport au reO re inertiel.

a., acceIeratior du irissile, norvale so vecteur vitesse.

r-MT distance n'ssile - ciuLe

annie ( Y)., Yf defirissant la irection de ,i orcite ,Tissiie - but par rapport au reoýre irne'tiel,

Er supposant que

. La vitesse ýM d.. nissile est une constante

* Le missile est comand0 en acceleratior. perpendiculairement a sa vitesse

Le teotmp do reoonse du rorsile a cette corarnce est ruu!-

L(S t'CLAticnt s d'ttat cu Ssltre pu''.ent s'ei e :i o

2 = F.

--4- :'



3. POSITION Do PROBLEME ET s01 UTION

Conyte tenu des hypotnhses effectutes, 1 'tat initial du systeme est dtfini par

Cet etat initial etart dfini, on se propose c'atteindre la citle en n:inimisant le critere

er .'imposart une contrainte siur la distance mssile-cible finale

r = 9

Cette distar uvwent dtre choisie aussi petite qu'on le ddsire, on s'impose donc d'atteindre la
cible.

Oin r:ei, ot-,r Ij mir s i.inrrisati,-n di te inr.ps . s ' est narticuli -rerert irrpo-tante pour Ia survie
dJ tm reur alcrs que I3 distance de nassage r r•I i ni ! lratic.Lenent pas sur Ia trajectoire du missile
lor-sc.u'il est tir( a.ec un fort depoirtuge initial et -5 u.e distance raisonnable de Ia cible : iI nous
semble done particu~iererert judicieux d ir.roser !a distance de passage tout en miniroimsant le temps de
vel.

Le p:rl ioree poSt est classicue : la cc-'a•rde s'obtiert ern resclva,.t les eqiatiors nre Pontriagoine.

Cette resciutiei a ete :ivenee a bien rar. e 1 as Qou !a vitesse ot nilssile est constante.

Cette ccamnandle optimale satisfait l'e-uation

a,,t 2iQ TM

.2
a sec ___-___________

On petit renarquer clue cette coinoande s'exprirre en fonction de I'&tat final, ce qui pose le problnme
particul i(rceerCt delicat d'exprimer I 'etat final ien function de I 'tat initial.

4. IIL2ANISA. LN DL LA Ll'I

4.1 Pi.s: tion Cu problern:

Afim douti isiv: !a ioi (k nuidage pr•tcederrent ddfirir, iI conviert de calc'2ler l'tat 3 en
funct loll de I' tat i, ttia .

[a drirnadi de lx c/ibe (.tant di f fic'ement I.esw-aI e A bord d'on missi e, nouws aao.s suppos que

lu Li)Ic vs ialt cin !,,r.( orcite a v;tfsts •rnstante.

'i-1, 1U Ud-, ]U dlrucLtior finaIls de Ia draite missile but pf,) et de ]a vitesse du missile
sit jlefi,;ic's , ti: _' (.quationo im1<i-cites suivantes i

i ir, r,

r..c iu iril

in.,

K Iu
I -- -- - 7
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Une fois 1'ensemble des solutions localis, la convergence vers chacune ues solutions s'obtient~~9 "" "gAce a un classique algorithme de Newton.

On celcule alors le crittre J pour chacune des solutions par la formule

La comparaison des diff!rentes valeurs obtenues pour le crit&re permet alors de stlectionner l'tat
final correspondant A la commande optimale.

4.3 Guidace en boucle ferntue

Dans le cas oG des Derturbatiins non prises en comrpte dans ia loan de guidage interviennent (satura-
tion de ]a commande, ld~robade de la cible ._.), les conoitions finales correspondant A la commande
optimale changent : il fakt done calculer l'etat final au cours du vol A intervalles rýguliers,

Daes ce but, on utilise l'algorithme de Newton en r(solvant le systeme ayant pour conditions
initiales les conditiors de I'irstant courant et err utilisart csrrme solution approc~hre, celio obtenue
au pas prercedent.

S. SItL AT I101

5.1 Introduction

Afin de comparer la loi de guidage prtcedeirrent definie aux lois de navigation classiques, ur,
modele cinr-atique plan a et@ prograrme sur calculateur nurnirique.

Les lois de quidage utilist-es powr ia comparaisor. sont

- La nafi0atior, pruportronreIle I pre P. P. N.

* L, rro igati ,r. proporticrnn11 r2 "raie" (i.P.N :

C a C.r
cosl~n(

Les comnaraisons ont @tt effectuees sur des ces te tir

a ti-parallAles : = CL a o

awr vitesse cihle :VI "400m

et une vitesse r.issile :VM,.600n•l

Par ailleurs., afin de tester la loi de quidage ortimale face A des perturbations non prises en
compte au niveau de ]a drifiniticrn de oa loi, les phenor.nes suivants on WtA introduits dains le modile

* Saturation de la com,.rmtne

* Derobade de la 0.k

I

5.2 Resultat-s (e simulation

1.c. tcmparaio. 01 ; 01 Li_ ;urtl.l'. uitiil.-h 1 10e1 los CiO¢ 1. 4-' t.. P. T.P.q. nj- + I
Sunro,a'3r-I urie c , ,. nI r, '.:v , r.vrin-,l et un tents re repounse nul pour le missile, an dkrontre iue i

ninvigatin i-r urojiortiorirl e, j it ri cce-ficient reduit de 3, est siptimale Ou riint d-. ;ue roniniisatie,
I.,! diJ•.n lr.cet e 0554% et 0". 1e ercr;ie d~pensee lorspu'cr arnrue le coefficient de pondcratior affec'
1' trio• '- ;r dt-lcr:sne'

-t dtt'l- r ,',trat on supp '-,wt le- ni, n' ; ,i'- sta t tir( au voislra0e de loI oI isior, ir ro(,us a
•{:;:t~i+. Jt(ý'., de ,.;~ v r.nJtrc loi de rluidaon roptlwal: ,i I-1 navigation o~roportiorreil lv % :ie k' ,P h.'

err or: cat d- 'Jfr t4r1 lrrjta.t I.;s trot- lo I! co~lision nc)erlr, (cf Planche in rI

Fuur un cit-fficietrt d( ponderaucru r !--I- U , l', traeectoires de la loi de guidaje oftimale (,GL.)

uLt dc ]a na'-i.-jat;on iroportc-,cfelIi- sornt confutrdrres (of ivlanche n' 11ý.

i ". r'i-irrIl-, s,+ ic]r" air I~ur-,r'. 5r, v;trirres icC plar'r-'p n- 1' de eiie one les toeps de vol i8,
0 9 

S

lr l',.i.i . ',rr-• L i.i S, P '- la ill.h.) (t los (rI'I.ne-s :I ,r, S Uou' i-s deur lois).

+



Ce rbsultat montre, du moins A notre avis. la qualitd de la loi de guidage propos~e et nous autorise
3 poursuivre son etude.

Lorsque I'on s'6iolgne un peu plh;. des conditions de collision (of planche r,° 2), la corrande de la
hci de ouidare optirriaie , obtenue avec un coefficient de pondbration k = 10 , s'&ioione de celle obtenue
avec une loi de guidage en navigation proportionnelle "vrai'" oteie d'un coefficient r6duit a = 3 (cf
planche nK 2).

Par conLre, en utilisant une lot ee gudavge en navigation Droportionnelle "pure" avec un ceefficient
-A = 4, or' obtient ure trajectoire et une commande trts voisines de celles de la loi be guidage optimrale.

Lorsque 1 'ar1sle initial entre lI vitesse Au missile et Ia droite missile - but dbna sse 9 0 'e (f
planche r' 3) la 1oi de guidare en naviratior: przportionnel le "vraie" est c,,ise en c.-faut.

Uti'isant toujours un crittre poncere par un coefficient k = 10" et pour le cas de tir presente
sur la pl3ncne nl 4, or obtient un teens de vol oc 30.8 s et in critOEe de 61.1 s.

Des r~sultats tr~s voisins en :e qui concerne ia trajectoire, la commande (c- plancne rn 3), le
temps de vol (31.6 s) et le critere (61.1 -) sont obtenus en utilisant une loi de guidage en navigation
proportionnelle "pure" be gain A = 2.

P u' r 1 1sant u' .:lrir A - 6, or. )'t ient ione trajectoi re ecorr .Ius tendue , 16.5 C dent oIr
rout se deziande, s i le cerrespond re L,-e trainctoi re orptiniaie.

Ut'!sarant LA' coeficient do r;0erderation cc 10 o, o;tient en effet urie tr'aectoire optie.ale tres

vois ir ;e de la t, .j ctco ire onten ue avec ni , ;, : . iC of lian che r.' . .

L, fai . I.:,e'czcrrr C:at-i'.ie zst en - :)a,, l,-s ccurches *,vuterues o,•u A o t e :-.

;i serilole db'" Ur;en qu'- la to' do- orridae opti'riie silt tI-- voisisre o'ue n i de' !,avination propor-
tironeie 1 'ro,•• dent on Saurnit adapto,. le gairn au cas de tit si on veut 0 ar cr !'e('uivolence aec usne

ci orptrwrsec ,rur jnI coo'ffiriert dCe ponderatinn k constant.

di i's' rtira i- .... 3;cr, r rr I1'. :' Ia• ir, ,{ 'a ;' ,.di'.'l ,. ., . l, d• ,,r : •3 i :

0', peut sp poner ir- eroui be d a 1_ Sensrbitilt be tola c de nuidare optirale A certaines perturoýations.

* .la avoes Cone in.-eou•: udain• ;' jfil' on ae ut;ci;tes-. do a cra.trrd" 4n,! n.:;? •' one dbforbade de
la cible (1e 30 rns.

LU', porut r.lpieler A CC' t e la lrl be J urbdagse a etc alecalrisri e er si;':iart ei, Cit',, volant oen
cinrr cito.

(,constata encore une fois s'" !a p'anr'p nK qut' ie loi ae C uidace untifales et de navcgation
tproportionriello "pure" sont tres voisires et ,Jelies reagivse't trutes its deux tres bien arix nerturbations
iratrecui-ltos

6. C',NCLUSICN

I['r ranp.,crt aux loi'. de cuidage zptrna!es class .quis, ceule rue' nous prorposorrs ici est done orininale
a. ''' d'un titr,.

* I;' 'i, s ;r.: ,,' or' q,:s .r Io 1 .1,' is.i vole ,u ,.'isinaqe (,es con,.itions de collision.

I ll r t irtc.veri i r r s!(, r ritcre ('c,,tirnsrtion le teps, ore voe du missile c, 11',rergie

* La (ri'-aicr' d,: t ''sa • est r, i 'n: cooc-. une contrra- ntc stir les cundritions finales.

, r)':tr.rt l'r ri' s s[rrr,'it'ir t, '' ill i)' r, ;r.rti~uti,'rcr rt interes ýaIritc', pour le g'ida(le oces r;issileos 3e
t. . ,at rr•;it r+r i .,

SI, , ti ,',r' nru avon; %urifit ,' I' I .'i•t ,; ,r cet te I o n;toi der, ne des rd iiltats t •cs voi ins be 1a
i-c.':1 ii r'--' riri-fl w it ''2 qr; t 1. a' 1 Cr;~ie' tto '.r':rtir CeL cc.Pion,

. ' r .... I -• i•;rli, .,,, i;, rr'r, I i' ' ,i[i ' '):'ut w0cc rist di 1-',fit

r' , 3 I ' li ir- -, ' 1,- '''if. it I' .' ir tirr ,.'- irii;C: a n'rar.-.ar.d', s x'fr r.rimi - ! f''' i''n ' i. i t-

I 'st2tL I ral. I'Ui L St !"ric jolidit so i.. h ,' rer simrlr- St' iar0ti.srrarnt de la Iri de guidage optirna!e

ctudiui: I I I
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Les r~sultats que not's avons obtenus setblent montrer que Ia loi de guide le optimale se rapproche

d'une loi de navigation proportionnelle "pure", a condition, toutefois, de savoir choisir son gain A en

fonction des conditions de tir.

Une exp~oitatiof systattque de la m~canisation que nous avoAs mise au point devrait pemettre

: d'atteindre c c resultat.

Cette etude devrait se poursuivre par Ia recherche d'une Ioi sub-optimale dtrivte de la loi trouv&P,

miais plus simple A m~caniser et par l'tude des performances sur la limite courte d'un domaine de tir.

, 
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CLASSICAL VERSUS MODIERN HOMING MISSILE GUIDANCEI

F. William Nesline and Paul Zarchan I-
Raytheon Company, Missiie Systems Divis'.on

'Bedford, Massachusetts 01730

I-o

ABSTRACT .

Modern guidance systems are generally accepted to yield better performance than classical propor-
tional navigation systems. However, it is not always recognized that this better performance carries
with it certain costs in Improved components or additional instruments. This paper compares'a modern -
guidance system, MGS, to a classical proportional navigational, PN, homing missile guidance system in
terms of performance, robuatnesa, arnd ease of implementation. Quantitative first order rmiiss distances
are compared to show that MGS has the smallest miss if component tolerances can be met, but as corn- 1
ponent tolerances or measurement errors degrade, NIGS degrades faster than PN until, at relatively
large component or measurement errors. PN has less miss distance than NIGS.

IN T RCl) CTIT CN

During the lq60' s modern :ontrol theory 'as used in theoretical studies of closed formn vii,la'-ce
laws for interceptor missiles. It was shown that PN was an optimal solutiot; to the linear guidance prtob-
lem in the sense of prodfucing zero miss distance for the least integral square control effort with a zero
lag guidance system in rite absence of target maneuver. (1 This important result gave credibility to the
use of nrii ud ri c entroit t:e-orv as a tool that moany analysts have used t,- derive u1ssile guidance laws.' ' -
Although much [Ids bet, e written cricerning the ni-athenmatic_ý cif gttidaiice., little, if ar:y, has App~eared it)

the open literature concerrning the practical iinplenusintation of a nmodern guidance cvystern, "S.

Proportional navigation has been in use for ever three decades orn radar. TV, and IR horning missile
oystenms because of its effectiveness. t6. 6' Although PN was appareitly know:; by tne (•ern-na' scientists
at Peenemlinde, no application using PN was reported. (7It was first studies by C. Yuan and tithers
during World ,,ar U at the RCA Laboratories under the auspices of the U. S. Navy8ý, it was extensively
studied bv Bennett and Matthews at Hughes Aircraft and iroplernleittcd ii: a pulste radar sy.atel)io , and it
was fully developed by 11. Rosen and M. Fussier for a continuous wave radar s-'sten', at I ayt ieun Com-

pany. The latter developntent included a closing velocity multiplier ti conmpensate the puidance law-
dvnatnically in flight for changing engagement geometry. After Wor'd War II, the U.S. work on RN was
declassitied and first appeared iI, Siv Juciuri, 1 f AppI.-d Physics. (101

The purpose of this paper is to cormpare both classical and modern methods of guidance in terms of
performance and implementation. Both guidance philosophies are reviewed and typical in.plententatioiis
are discussed. Finally both methiods of guidance are compared in terms of performance and sensitivity
to errors in implementation.

Proportional Navigation.

Proportional navigation, PN, is a method of guidance in which the riissile acceleration is mnade
proportional to the line of sight rate. The geometry of an idealized intercept in which the missile and
target are closing on each other at constarnt speed is shown in Figure 1. Here movement of the missile
and target cause the line of sight to rotate through a small angle, A, indicating a differential displace-
ment, y, between target and missile perpendicular to the reference. The PN guidance law is an attemot
to mechanize an acceleration comnnmand, ni, perpendicular to the line of sight according to

•C C

w'ire N' is thc effective navigation ratio, Vc is the closing velocity. and I is thv line of sight rate.

The effective navigation ratio determines both the trajectory and acceleration history of the milissile.
For a zero lag guidance systsem, PN will result in, zero noiss distance I yitF=0 I due to heading error or
target maneuver fur doy N' (assumri-ng in',f'itc- missile acceleration capabilityi. [his phenomenon is
clearly demonstrated for the head-on case ii- the rnormalized trajectories shown ini Figure 2. Although
relative target-missile displacement during the flight increases with decreasirg N' , all flights result in
zero Tiis s distance. The effective navigation ratio influences the accesieratiois ni-oded toi prduce c zero
otiss distance. Normalied riMissile acceleration histories due to both disturbances are show-. in Figure 1.
;!ere otissile acci-leration is rtonotonically decreasing iexcept for N' z?1 for a heading (err,'r disturbance"
,nd u rint onically rncreasing f(.r a target i-lanreuve'r distrubanci. Figure 3 also shows that increasdiq g N'
rtimniris. ti- ruifxiluttin, aecil- ratio:z due to target riaii.zvt, r hot niaxioieos the maslrn'n: aeceli ration
d!ue to heading -'r, 'r. In practice tit, na-:g/..tiz'r ratli, ;: held f1×xd with acct'pt.Abl' valui-s A. N, -

cteturn;ined by nr,.isn-, radint e and tasrgut ntaaieuv('r co,;silsratiiis,

"A typical implmi-ntittior ,,f a tN guidance systen is shown i; Fi"gure 4 whe.re an iirtial!y stabilized
seeker ,s used to nmeasure the bUresight error, -. This signal, which is prnportional to the line of sight
rate, is low pass filtrid to ibtain an e.stinmate -f the line of sight rate. The ti:me constant, fN, of the
:;c',ise- filti-r cart bi- fixed, as in this intpl.nrteiutat ion. or titn -varyirWg to accotiuit for the ranAge depcndeliec
of thte n-asriren;,nt noise. The closing vel',kitv can ititir bi- csti,,ate'd, as ii, IR application ,c.r

s-'as utred by I dopple r radar, as III radar ihfi'iuig applications. Thu- ri-s'zltizp ,, lciiratiozi ciimmand
whiich is prop.rtit o, I to the linei of sight r.ite -stirnate is applie-d to: .,i ac(cilhrstio: autopilot that unixes
wing 'r t.iil t dtr-il surfaces so as to, deruelhp the corirr anded aciceli-rat ,ii.

Co•p-y rzight--97')' by F.W.- N .s-s ..o-.. an P. Za rehan(



TARGET

VmV

lT

nc 1
i • ~ ~~~VT TAGT...-

RTM -Vctgo

A Line of Sight Angle

VM Missile Velocity

VT Target Velocity

nc Vissile Acceleration

*T Target Acceleration

Vc- Closirg Velocity

HE Heading Error

Y Relative Missile- Target Separation

TARGET MISSILE SEPARA'TION DUE TO TARGET-MISSILE SEPARATION DUE TO
HEADING ERROR TARGET MANEUVER

N'=2 N

ii

N/ 2

S, /< N ' = 3

SN' 5 Lu N'= 4
mJ

• • N'= 5

I.--

C TIME S TO0 TIME

HEAI''Nl GT') ,t d ERRORtiARG M



f 22-3

MISSILE ACCELERATION DUE TO MISSILF ACCELERATION DU• TO -

HEADING ERROR TARGET MANEUVER N"-2

/N'3

0' o N'=4

'0'
N'- 4
W

S, /
/,/ /

N' = 3

/ /

N' 5

TIME tF 0 TIME IF
Figure 3 - Typical Proportional -Navigation Acceleration Histories

NOSI I
SEKR INOISE GUIDANCE

In AUTOPILOT- FL
I N I

L----.. ---------------- -------

r-.'rt ioi , I ,' vk '~I -o -,n t,,.]>.,x: a :: •lt J.,e S 't.n

()t -r iia:c' con Lpts uctli -% th, " s to i%' in', Ie.e r r: 'vjiAaece systen•s carn beqt be ouin rtoo by
-t~.*y ! pr•p.,rtior.;[ avipation. It can be rbservced fr.i, Figure I that PN is mathcniatically equivalent

n = )z N'- 7 IV go I

C go go

-" e. pr,- ; i. tt braacik,-t q. i.' rcopresent, the, r;;m, d:s,4=ce tilat W,_U|I- resIt i-. the abs(cet

Strgi't *" .'cmi;;L r. I' tro :oI-' n t -ru , rti'' Oý-=-(tiv, a ic- I ratmons i] a re' erred to, as the

f., 1r, 1.ff : /i" , ILr fr• " \ .'W be• ,ti ight oC( af-a I \gmAa..l ce law in whic}h acceic ration c in-
.:e~s are ic n, c-i irv-rsely primucrtiovial to thite sqoair f timi,-tn:-gq , ant directly pr(,p',prtoEnial to the
/ , If tarrpet -na!)uve-r, v.1, is consic -rted, tire /!:MX. changes and a :ew g,,idance law knows augiveni-

: ~~~~~t," pr,,pc~rtm~~l mla vi, ntlcnlti , A:hm.l), reitmits

g+ o3
1 -og



224

This guidance law is compared to PN, in terms of traiectory and acceleration histories, for the cane of
a ntaneuvering target with the results dirplayc-d in Figure 5. Although beth guidance laws achieve zero
miss distance, the trajectory and acceleration histories are vastly different. The information concer:.-
tig target mnaneuver enables AFN guidance to use up less acceleration capability than PN while keeping
it closer t,) an nitorcept course. in addition the APN acceleration history is monotonically decreasing
unlike the nionotonically increasing history of PN. It can be shown that for N' =3 APN i8 optimal in toe
sen;e that it achives zero miss distance utilizing the least integral square control effort (..ee Appendix C).
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A simple form of a Kalman estimator can be derived by considering the two most important stochastic
distrubances in a guidance system, random target maneuver and glint noise. The resulting Kalman filter

J - is stationary and represented by transfer function

I + 2s/w + islu /20 °
"" I + 2s/1W + 2s 2 / 2 + S 0 (7)0 a 0

with characteristic frequency, w o, given by

o (*s/'N)l/6 (8) 1--

where 0. and DN are estimates of the spectral density levels of the target mnaneuver process noise and
glint measurement noise respectively (See Appendices A and B for derivations via Wiener and Kalman
filter formulations). "izun the characteristic frequency of the filter increases with increasing process
noise and decreases with increasing measurement noise.

A typical implementation of a modern guidance system appears in Figure 6. Here the line of sight
angle is reconstructed from a seeker measurement of the boresight error and by integrating the rate
gyro measurement of the seeker dish rate. This angle is then converted to relative target-missile
position, y* . 

by the multiplication of the range measurement. The signal is then sent through the Kalman
filter in order to obtain estimates of the necessary states for the implementation of the modern guidance
law. These states are .multiplied by control gains, which are functions of the estimated time to go and
autopilot bandwidth, io order to generate an acceleration command. This command is applied to an
acceleration autopilot in order to develop the commanded acceleration.

r" - - - - - - - - - - - - - --- r

Seeks, and Oplimal
Signal Reconstruction Kdlmnn Filterce

I I Autopilot -

A'1 c' Airframe nk

Figre -iocernGuianc Sytem- Guidnj

C1 I

:nsnnn h-iu~etai' fIIirqie enin dd:rrail rotnwchs r~o t requre-
neei' ci,-, to impn -inttIf th hA Ir--t.n fi-t , hile eaima of in--o -t-g, guidanesstmo bn

-r-%)~LU S wi-7 ,0"d-1••r1 .th
idt ._- is le- I -• ' I c tdndwddth w

Bohcasclee ee!r uiitc ote"e Ar iWcnTprdiecro fprfrac sreauo

E.,3 L -1

nign i nr Figure 6 Meudern T suidance System f - MGS

hoIn sarneiuary thtd- irnp!:-!.e Ftatig,,u of M;; require s 4 I thi ce adritiorhai inar.rf tion which is not required
poby a clasrical P% the muid ertem. n stnt atem p roces oise stat ste(. Wt thi s mhoioe staeistics are

s.,eded for the i~npl .uvntatk,,;i z,f th, iKalman filter rwhile eitimatel lf tinrc-toogu, b auida- sce system band-
Width aind r:ýissilc, a~ccleratien are nueeded f(-r the implementationi of the guidance law,

Bothr clal-'i(a[ %xnd tT-),!t, rn vuvirdnL.-• ritl~oth . Are nc~w coaripare7d in •er[T)ý of pt-rforman~ce as mel(asuredr

Iby the rTY• q 1,,(,t n'•,An s;quar(-l ioiis distance. '[he comparisow. is made utilizing the linearized, but re~al-
IstiC. •xolu]l- I; thel( kuient~atLC ji;-nang h~iop snown iii Fivurf" 7. Hlere autopilot dynamics are representedl by

; , ;tfirst order transfý'r fualctio:ý and only th-e two most important 5tochas~tic error sources aie considered,
I"namel-y glint no'se and randomn target maneuver-, The seeker, noise filter and guidance dynamics have
S• been previ(-usl', prt-sented ir Figures 4 an-] A. In this case the lKalmar filter ,f MACS is optimal since it

is perfectly matched to• Ole real world" in that it has an ýxact dynamical modecl of the sy stem alonp. with
pc'rfý' t knowledgc- of the wt-a.•ireenwt in~d process nois- htatisticR. A ith thin methudolugy Any deteriora -

t' in MU;,% perforriiancte will b( caus;ed solely by the guidance law,
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Figure 7 -Kinuniatic Hloming Loop .

inil)eddl(! ,n the MCS ;zuidan•cu law is a dlyn amical nmodit- of the actual syi'.t,•in). If this model is
inaccuratc, or if the tg,,. vstitnatc. is lacKvig ->r ir~ic~kiratc', ,MG(S px.r.•(:rmiai,;t- d( :as If tn,. , Stlv'.ýt'.-d

t i rr wt t o g o , 1 9g U , i s c o n s vid , r vc! t o, b '. a S in jp le fu JýC t io n j o f tg. . a s s h o w n in , l' q . i.') ).A

t = At + B A

then the irflu'nc, of bias errors, 1), and scale factor errcrs, A, o;:,, .XS systeni performance can, be =

investigated. Iypical rn-si distane,, r,-sults, showiý in Figurr 1, ivcdicate that *rrors in/g, ''result in
rapid pi'rformanc, detradation of .CS. In fact, .egativ' bias e rro rs lead to guida!,cc sybtem instabili-
ties i)f MCS. PN pcrformance, supprimnposed on Figure 8 is not sensiti-'e to thveae errors. For this
exarmiple PN achiev(es a nmiss of 4. 3 ft. Tierefore if the required miss distance was lss tha;1 4. 3 ft, A
onlý M1_;S could meet that specification and th ;n onLy if bias ,'rrors culd be Kept bh low 0. " a aod scale
factor errors were between 0. (68 and 1. 31. 1i the re•u tir- niss were greater than. 4. 3 ft, P'N could meet
the spccifi-1ti. n, but MIGS (ould otnly au',.(.t Inti spe-cifi.catirc lr if bias and scale factor errors could be lept 4
b,'lo the values of" the. curvem in Figure 8. Of course, PN does n-.t use these quantities at all and there-
fore is rut sasitivc to such - rrors. In sumnisarv, the inmrlenwaatation', of NICOS places requ-trenrieit s int
only the algarithni fur a Iculating t , but also on the special f:itering needed to estimate range and
range rate.

-12 F12-
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" ~PN
I P TR BETTER P N 1 1, GS 'IBETE

: : i ,,BETTER I BETTERBT• R
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Modern Guidance Syste-m, unlike Proportiunal Navigation, attempts to compensate for autopklot
dynamics by the use of a dynamic lead term in the missile acceleration command. In order to implement
this concept, MGS requires an accurate measurement of the achieved missile acceleration and ,t esti-
mate of the autopilot bandwidth. WAN . If this measurement is perfect and if the dynamic model within
Nt.GS is perfectly matched to toe "real world' , optimum performance can be oLtained. However, if for I
example, we assume that missile acceleration is measured perfectly, but the estimate of autopilot band- f"
width is in error according to Eq. (101

A

WAP \ AP f110)

then the influence of scale factor errors, C, on MGS system periormance can be investigated. Figure 9
shows that system instabilities result if the scale factor falls below 0.6. As before. PN performance is
not Sensitive to this error source. In this vxamole, for miss distances below 4. 3 ft, only MGS can meet '
the requiremnents if the scale- ,"actor is greater than 0, 6. If the required miss distance is greater than

4. 3 ft, PN can always meet the re'quirement, but MGS can only meet the specification if the scale factor 5
is great.r thaan 0. 6. In sumnrnary. the iorplens-ntation off MGS places requirenrents or. allowable errors
in d ynanic iletndeling.

i ~12-{
iJ

8 O . ..

:: n s :!::

?MGS

W APiW AP

Figure. 9 -1rrers ir. ?stirnal ng System !:naotica C -in Lead to MGS Instability

The nonhemispherical siapi of t:ie misrile ra-looi ausesl disttirtion of the incoming radar beam.

Asý the radlar be-an, pas;res through the radomei a refraction e-ffect takes place and the net result is an'
crror in tlt angle of thb apparent target. 'ii- raonte croc slope, 11, is a niisur' of the diatortion

talKing place antI is a fiirctvcn Al tile giryhal angle, ariotng other things. t6) The guidance ,systemo designier
aittemtpts to specify tn'. ittarto factoring tole railers an~d the limits on the pernirssible v. riatiorra of R. This
i ri-or soiirc e is parci - -.'Iolrlv onvo rtarit at high altitudes wincrie the mis silt, tourning rate time constant, T,,
is large. This tim' ,irstti~t in cojnjunction withi lIarg'' rad',rti't refradtion slopes call causle guidance sys -
teiti instability. It it,, thcr(efcrr, of cooisiderahlc practical importance to see how PN arnd MGb performn-

anti rnrail- in the niri'sen, co f radon.' slope ers.Typical high altitudle perfc-rmance results for
I - tiit griidanc'' systenis a r' strewn in ligo rv 10. 7liw results )indicate- that thTINf '\ gu~rdanee system has

r' 1 IJt'rii to ra'linrr errors titan 'l~sNIGH. In tinis rewardm PN is more robust.

Pigor'- 11) oiwIicats that thev NICH iittlvieo:-tat~iirno is mrei~c serrsitit'e to tegative ra'oiicie slopes th-n
liis itive- 14t pi~s. In .i practical design, the seek -r staliilizationt loip gain Coruld beý adjusted to, hia s the

riiie.thus w'ori-ng only ¶ri'itivi- lopeir. It is fi:r this reason that thn' allowable rarlirie slope
is :iire .- f in intpcrtaint flhasorr' thanr thte avecage- ridtrittn slope'. iii fact, thw allowable radl.irne slope
rilgiý is -nt- it np rtinit ivwas~irc'.ise' I iii gola.yni- aern nlegito mpcfynantifacturinrg tolerances 'in

tlii r 'iei (It avirae, r irismiss distance. do' ti a ra,,in slipi- range can be calculated fron, the
iifriii rvn Fi-rire ln. Typicl ri-s.tlts showingthe sensitivity of both guidanc' siy tems t
r hiiie slope *nge is hriaptay'la in Figu re I i. Ibis figur- slr'tu s thiat when the rarinir is taken) into

hratin, NIGH (an only tiffe-- thipt iriar miss distaicti' pi'rfet rtsance if the ahllwable reonlc salope
ir-r'r is less thian i% 7h,:. Ca ttinwise Pt yiilrls iiallir av'roragL- ris miss ditatices. Neverfthelet s, if

ar.'li( -ti ,ilr' rain., less tniar 0.079 bciil' riot-, NIGH 1,,,sHi- n'iss ntnstaite'.

tk in .pla e anrinsihifuc tvioni-rati~i sat'iratl' ari , in nf Hit- othest i nrl.pirlnt giid ie ivasteint s tiriiiie a iitii's
,itthin-lrt ir.rspii i i 'mparisnuat, g esiimrid. he pr-its in tern ipt ui riati's of t, rg't

rrt ts-eratmin " and is iasir•inrlits oi f Iirtissili- a .hlh ra tii'ii, it ri'qniirc i issiii t r( i-1l ratiti tihan P n ti it a
miti iive ring target. ,to Figure nI. whieOre rTs mtiss is plla ttel verstus the f nsos ilc-to-target ace Icyration
ritiii fr both guidance systini iipleiiiiitations, it is h'vidirrit that P t requires a larger acceleration
arlvadntag v th t that . GS tio a0hie- a r •, ifip miss distance. For example, to aitieve An

,I- Nr,'is if :les tha: 7 ft, Pi' reqiiires ta t ito I ac cli' In tion• advantae over thre target wrieurcaa NIGH
r,i ir'r,,s. -Iv a , u to I iain , aitag . hir'•,(idii at celi'ratioren -eqilrn-nents iitends a w le ra in fls I S 7sioo
of iff,-tiVi1 t .iagaiitt n1tnireuviriiig targets and is Owthe iajo erlvanitagivt of NIoh uVer Prt.t

tt
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SUMMARY

A modern guidance system and a proportional navigation guidance system designed to meet the same
miss distance specification yield different implementation of subsystems, and each subsystem must meet
a different set of requirements. A modern go~dance system imposes more severe requirements on
radome refraction slope and on knowledge of the system dynamics, but it does not require as much maxi-
mu-n missile normal acceleration tc intercept an accelerating target. If the miss distance specification
is extremely small, only MGS can do the job. Thus the additional instrumentation and subsystem require-
ments is the price that nrust be paid to meet severe miss distance requirements. If the miss distance
specification is such that both MGS and PN car do the jcb, then instrumentation specifications can be
relaxed in favor of more missile normal acceleration capability. When bufficient missile acceleration
is available, PN offers the least stringent instrumentation requirements. Thus, if component tolerances
can be met, MGS has the smallest miss distance, but as component tolerances or measurement errors
degrade, the pcrfortrance of MGS deg rades faster than that of PN until at relatively large component or
me.stureiieint errors, PN has less miss distance than MIGS.
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APPENDIX A

\VIENFRfE OPTIMAL FILTER

The tistirbances cntering the guidance system are c¢ns de red to be white glint noise with spectral
density ON and random target maneuver. In this paper the maneuver is considered to be a step function
whose iritiation time is uniformly distributed over the flight time. It can be showT,-12 th1at integrated
white noise has the same autocorrelation function as this mvaneuver process. The opti.ral filter with
transfer functicn, H.o, can be derived by either Wiener rr Kalman filter theory.

The Wiener filter formulation is based upon the diagram of Figure A-I. T"i. problem is to fiz:A I0
which will minimize the integral of tio rican square e rror signal -nirimize f e dt

NOISE

I SIGNAL
i I

Y' YT2

II 0 (S

SI
-- -I I

Us - White Noise with Power Spectral Density 4)s

Un White Noise with Power Spectral Density

YT - Actual Target Position
! Y."Y7 Measured Target Position

VT Estimated Target Position

e Er or in Estimate

Figure A-! - 'Xienre Filter Formulation

T"he" optimal tratrsfer function. iH_, can be found from the explicit solution of the V ener-Hopf integral
equation

''-
t ( ,sW+WN ) (Ws+W N - (A - 1) .

'nere Wi ,nd ' i"N arc thi stiecrral -lc:;sitics of ; .. g:al and noise, ,,
5

4%Wi ÷ represents that part whichi
has all its notes and zeroes in the lcft half plane, Ws''N " rtprt-sen's that part which has all its poles
an -erees in the right half pla;rn-. The cxpressi,.n is the coopor• 'it of [ which has all ;-s poles
in the left haLf pl ne. In order to obtain i w,, (×xpa"-' . 1 in pa rtial fractions and tihrow away all the
terms corresponding to pol s in the right half plane. Frumn Figure A- I ti•l. output spctral d rsities i,
thu. signal and noise, WYS and W. , can he expressed in terms of t:e invu;t .pectral densities, PS a,.d 41
and th,' Shaping network transfer fu:ýCtiO a•s

@S
S 6 (A-

WN N iAN

4)s~lA 
-S

Ss+N =_T + 'VN -S 6S

LS
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If wet define

then Eq, (A-4) can be factored

/, ) ý *?Sw+5 1 S /w I... (IŽ2Sl.,. 2S 1wA-SA
aSS ." S - (Q.) --

Therefore

(+2S/ I +ZS
2 

1 2+S3/w° 3)

(W+W+) t (A-7)
'SN SS3

-(1-25 '3+2521"o
2 -s ,'A-S)

S(Ws+WN) 0 $

Substitution of Eqls. iA-21 iA -71 and 'A-8) into (A -1 v ields

S x - - tA-9)
0 4 (12S S A ,)(1-2St +S - k,3 ) ÷

Th,. vxpression in the brackets c( Eq. fA-9) can be expand,:d I;y iiv1 fra(tios yielding

rio2 3 2 ~
Z~ o ki I +A - 10',

I'1+~ ~ 0 3"•-÷--- + • -Sil *2 ---T-
+ Z 132 S - W I-S iw 4S 1w

1. S . S0 ) 0 +

Ellniinatin g th(;se terms wth piAh-s im th, right half plane leaves

2w•-.. 21w A-II

which simpiifics to
1 ÷ 2S/%,o 22,'I'I + 2S/wc( '3 4A

50 (A- 1?)

Suibstitution cf Eq. -A- I- into tA-9 yields the optimal transfer funnction

1+ 2S/wo + 2 S •, .A-1
0 (A- 130

0o ? + 3o 31+S, +2S uf 4 S ;

0 i

II



APPENDIX I
KALMAN OPTIMAL FILTER

"The s1nin transfer fwrction can also be obtained by the Xalinan formulation. The state and measure-

nient equations can be dcrived from the plant, shown in Fig-ire B-1, and are I
PROCESS PLANT MEASUREMENT:

NOISE NOISE I

N I I A

I I
US YT iTY r

Ii

L I- - -J

Us White Noise with Power Spectral Density 
4

s

Un White Noise with Power Spectral Density *N
y• Target Acceleration

ý'T Target Rate

Y, Target Position

Y_" Measured Target Position

A

[, 0 1 0 YT 1

0 0 0 _ + VT UL0 LT J LI-
F x 1J

YT 
(13 -2)

Y T 0 0 01 - lT + UN

VT
L~ z=-,+

"1 h, iKalnan :lite-r vql:atlor in

X =F • X + K JZ- H X_

vhere, t h, Ki, mlmlaI . K, are ,lter•ire d fr:)m ti - "(Alt:w n-g z1atri-\ } .coat ,-qtlatons

F P + P F T _ p T 1 -1 H P + Q

KPT 1'K P H R
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whe reI:[co°o]
0 -0-

0 0 0 and R N
j- (B-6)

O0 0 +

Recogni.ting that the civariance natrix, Pi Is syomnetric, the scalar equations representing tIe steady
state solution iP = 01 can be written from (13-4. as

P122 :22 P234'N

II 12 N(22 + 13

P 21 3 N P23 4)N

P2 13 S33 1N

Aftur some algebra, the solutions to Eq. 13-71 can be substituted into Eq. tB-5) yieliinig the steady state
Kalman gains

DK ,2('I /fP )I1/6

Ci I S N

11/6It (S ') N)B-B

[t!,,, gan .:a L b,1c,; 0

K w 2.

," bt , , r, . - !! tas ) t. - vlA

I FT F S•+22w;I . iii t razi S~ :tu; ctr 1": hr tw ct'n tnke rs ttic. ost;II ate output arid t~re pos ition rnua350remnvnt Input can easily

A 2
o51w o+2S 11 2 (B-12) B-1Ž1

I -2 S/uw + 2Slw 2 + S ,/ 0

I 1hr' ditto, l t' the te: r.sfL-r irrit ,;btamnel Ly the V Ier tIlte; appro;ach.
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APPENDIX C

MATRIX APPROACH TO MODERN GUIDANCE

Optimal guidance laws are generally d-rived on tte basis of modern control theory. The linear
mlodel of Figurý. C 1, in which wmissile dynamics are represented by a single lag, is used for the applica-
tion )f modern control theory to Lhe guidance problem. In this case we are intk'reste. in deriving a
goidancte law which will achieve zero mlss distance while n ininlizing thu integraI of the squsare of the

guidance conmmands 1 imin',it.f ,n 2 dt subject tL ',(tF =O ],

nric -o~c -o~ F- - ------

MISSILE LINEARIZED

DYNAMICS KINEMATICS

nc = Commanded Missile Acceleration

nk = Achieved Missile Acceleration

Target Acceleration

= Relative Target- Missile Rate

Y = Relative Target- Missile Separation

F',,iý•.r," C-I- ( '.i,'!,:,ce 'rob ,,h •n F ,ýr ir.-latl w, 
A

; 
ne solton 2 to t ilLiI, rl't (.i-'I.c 

;i~ 

i~ n o ls

I n 2

" F x + G n[C 
2

c ' di 

C-2I•

- ' - cTR 

Ic 

dt

00

• 
•'haore i_• •s ,,btam ed fr om the differ e'tital ,'quart~o:;

,C-41

x V 0 0 1 ;O

V 0 0 0 00



-Thu s-ultitim to F', !C--4! is

1'

R=
- go

t •'
go go C -(,;

1 -T
S(ee *T -1)

wvre "v th v nornamlize' tinme t, po until intercept givv'n by

T ta(t F -0 = wt go 'C

Tant io:tcgroi apptdrlflng in Eq. KC- 3) tiher-f:. re buc,v.n,-s

t
tf (RGT R) dt, ~ iI.IeZ e T iT 3 T( +- 3

Substitutirtz .Kq. tC- vntc- l~q. P C-3. yiel'is the fpt:rmat clos loop guidance law

= N + 1t + I t 2 ' L ' c- T T _ I
Ivy +-' C-lc go y o 2 YT go

go •

w. h crt , i

N' 6T2 (e- T- +T)

2T 3+6T -6T -121e -3e

if missile gtý-.va:nc- d',nanmics .,r'- neglect-ri (w0*.-) --pnlication .4 C ii.'pitalý !'Ruel r'ic?
guidance law to

lim n = 3 [y + 2
-4-o c t• 2 tgo Vgo

go

"This guida:.ce law is .ugni,-:.td proporti(;,iil navigation ,lth .efl',ective-.;avigati,, ratio uif three.
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SCALAR.,N ,\1PNO4L 'it \'01)E'N Ot,IllAI CF

TiOL' 'I-i \O.-t4 it" equa lity can also hie XI sod inl tie do rivattor. of optimal guidance laws. For tiht same

Pi-obltih conaisv -red in ,tjoei'itx C. wv, can express the ' ysteotn state vector of I's1 . (C-.') at the t' rini:lial
tioote tc ii i olatriN sip' ps.t: on a i:tet'!

x (tF) + I( tF -Ox (t) t r FX)G(;)lc(x)(x) D-1) I

tl,-vo !:z tl.,' !tolld,t1 oct- t l I r'l.r t. 
1 

0 l- i ii tý i lly A'e r'is is a Se't I- Cit'a ' L'qtiat:,it s f'l vac'i it

t.t' H ,ycvi' t "t l't-s. ti' r Onvtiat' -. 1)rtblh'in , the fi:rst state is tlix .b).iect ,f c.ur toitrol a''I i'a;; he

yE) = I (tfF- 0 Fh (t n( X d idft F )-

I . ttFI't) = F h1 (t- X)nc()d

f. t ) hi,(t d.a- 'n•.l' , .i it' d-

IiF f c
ftF

n "X d X f I- (tF t0

t c ftF ,2t - d;
ti 1 2 1
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OPTIMAL CONTROL AND ESTIMATION FOR TERMINAL
GUIDANCE OF TACTICAL MISSILES

Tom L. Riggs, Jr., iLt, USAF

Air Force Armament Laboratory
United States Air Force

Eglin Air Force Base, Florida

SU.IS.LARY io help meet the demanding requirements of the modern air-to-
air engagement, the U.S. Air Force is conducting basic research
to develop advanced guidance laws and estimation techniques
for application in future tactical weapons. This research has
developed numerous candidate 'high performance guidance and
estimation techniques. In addition to providing an overview
of the program, this paper will present an example of the most
simplistic guidance technique developed and compare its per-
formance to proportional navigation.

I NTROD)UCTION

The modern air-to-air missile engagement is the most demanding tactical weapon
scenario from the viewpoint of the terminal guidance law. This is due to a number of
factors including short engagement times (nominally, 2-S seconds) and rapid, drastic
changes in the kinematics of the scenario. Further, trends i n operational requirements
indicate that future air-to-air missiles will have to have a high probability of kill
under total sphere launch engagement conditions and a launch and leave capability when
em.rloyed against a wide variety of highly maneuverable, intelligent targets. Present
day air-to-air missiles employ proportional navigation (pro-rae) guidance laws in the
terminal mode. In fact, this class of missiles has enrployed variations of pro-nar for
more than twenty--fivu years. There are several reasonrs for pro-nav's tenure. First
pro-nay is very effective in guiding missiles that are launched under restricted
conditions and are intercepting low maneuverability type aircraft. Second, pro-nay is
relatively easy to implement on-board the missile using off-the-shelf hardware. Third,
untI recently, it was not feasible to incorporate the onhboard comp.uters that would be
required te implement more complex guidance laws. However, proportional navigation's
effectiveness in modern air-to-air engagements is limited and cannot meet the demanding
ol,erational requirements of the future. In order to satisfy these requirements, futureair-to-air missiles will require more ýcphisticated guidance algorithms. Additionally,

in order to implement these guidance algorithms, more information about the missile and
target dynamic states will have to be accurately measured or estimated on-hoard the
nissile lHie very nature of this problem lends itself to the use of uptimal Control and
Estl-sation Theory to develop the reql ired advanced guidance and estimation algorithms.

iO te'rcr 19"b, the Air 1:0rce Azirament Laboratory initiated a basic research
prouram to invcstigate and extend those modern control and estimation techniques that
lar- potential application for improving the state-of-the-art in missile guidance for
air-to-air 'is.siles. Specific emphasis was placed on the short range mission (launch
ranges less than five miles) because this is the most de:manding phase in missile
guii.lmnCe aid it is a cotm1 n Mission phase te all air-to-air missiles. The research
topics that this program is investi, iating can be classified into three main areas, (1
(Guidsanc a.-_I Control lheory, (2) 1,stimation ",heory, and i3) the combination of (1) and
(21 bh first urea is directed at the deriration of advanced guidance and control
1;,j-i using a broad spectrum of modern control theories. Tlhc second area will inves-
tiae alrrd dCvelop modern nonlinear estimation techniques that can he used to filter
the available sensor information and use that information to estimate the state/param-
cenrs nctJeede 1'y the guidance laws. fHie third area addres'.es the interdependence
betcýiren the control and estimation problem aid will develop the theory and methodology
to hc used t,; solve the com.nhined problem.

PIROBLIM L:ORSIULAT ION

"he optimal guidance formulation is a complex process involving many engi-
neerui, decisions�which ultimately ij.iact. complexity-, validity, and technical
qI uality (performance) of the resulting guidance algorithm. The key ingredients of the
optimal guidance formulation are the performance index, system/state constraints,
srmissile iath hrmudci, thre methodology or theory used to solve the problem and the esti-
mation requirements. Ihese inrpredients are all interrelated, making the selection or
coistruction of each ingredient difficult because of the possible ramifications on the
utiret ingredients. Figure 1 srumimarizr s these ingreiients and depicts their interreli,-

erionuhips. ;.efore dwelling cn the interrelationships of th,,se ingredients it will be
ujscful to dcs-rib, thir function ol each of the;u inrjredients.

"lILr lr lrurnr:lirc: inrdeA is u rathcrnratical equat ion or .-ct of ecruations that explicitly
'-fine the parameters or states to be miniriii:ed. Thus the performance index provides

a ':i sure of optimalit' or cost. (Hecaucse of this the performance index is oftelr
cal led the cost functional and in this paper the two terms will be used interchange-
ably ) Si LO ften the rrirrin::atiOn; of the d.-.iied parameters lead to conflicting
strtogi _ 'i. e. , mirrirur;' frel , nir jirJ:: trite) W L ght ing tyrrirs are enployed in the
Lcost 'rMiCtiorual to define th,, degree rf miniri zat ion for each pira- e iter. hrhus in

Lcisirt rctli, tihc k0ost funct)anal not Only rust the parameters to ie mininr ized he
. defircl, bulr thi re elati < degree of minimization must also be de firred. Ideally, the



determination of the parameters to be minimized is a direct result of the mission I
requirements; howexer, in certain cases a literal translation of mission requirements

-to the performance index leads to unrealizable or non-unique guidance strategies. In
this situation the design engineer must add additional terms (secondary mission require-
ments) to the cost functional. Care must be taken in selecting and weighting the I
additional performance criteria such that the primary criteria are not significantly
deciphasized. Often the addit ional parameters are selected to implicitly enforce
system constraints such as maximum acceleration limits. This will be discussed further
ini modelling system constrainuts. The last factor that must be considered in the design
of the performance index is its form, i.e., quadratic or generalized. This factor is
driven by the parameters to he minimized and by the theory or methodology that will be

f bsed to solve the problem. -

System/state constraints can bc handled explicitly or implicitly by optimal 4

control formulations. In the missile control problem these constraint:, mIay be factors
such as acceleration limits, seeker angle or rate limits, terminal constraints (zero
miss distance, terminal aspect angle) and other state constraints that may limit the
system's performance. However, inclusion of explicit constraints virtually always leads
to a difficult two-poirrt-bounndary-'xaluo-problem that can only be solved by iterative
numerical techniques, making on-line real-time solutions via microprocessors difficult
at best. Further, solutions of this type are quite sensitive to modeling and measurement
errors. Because of these reasons, explicit constraints are generally avoided in the
missile guidance proilem. Ani alternative approach to handling system constraints is by
implicit enforcement via the cost functional. In this approach the constrained factors
;are minimized rither than explicitly bounded. this minimization can lead to unnecessar)
or undesirable conditions if extreme care is not taken in weighting the parameters to
ire constrained.

lhe mrssI i le math model construction, ais ii the performance index definition re-
quires at large degret of CeginiCer irg jridgement . The accuracy of tihe math model trans-
lntis dire.-tly into the optimality of tile solution. Ulnforturnately the accuracy of the
malt' model Ilso tratnsltts diroctly into the complexity of tire solution. Ihis con-

flitting situation of opttimainty versus complexity, forces tire design engineer to make
en ieriintring trade-offs lhi Is rI ot a:. great a proh ;riem ;rs it appears since the near
tclm goa I is not to derive "lhi Optimail Guidance Law" but rather to derive a guidance
hI;I titit performs better than what currrent lx exists, is real izahile, and exhibit., "good"'

Oi it 1 0 1 rl I ItI I s 'e t 3 1J I ) II V arid it-1 er i t iv itv to mnode ing errorý and noise. For
Ite m ir I r S c gr idiallr c I] ohl ill, ihere Is a Piln It t IIde of m1M tA i model> r 1 tt it.l1 be selected,
trangin, IF iron a s imple po it riras li n i ear kinematic enigatgemert niodel to approximately a
sixtyv state tthe a-tuitl nrmiher of states is sxstem dcpeirdentl nonl inear dynamic miss i Ie/
tal ;v i tiodul. l'r-aLtical noJe d:1 art' i:nrm lI I.- i 'lnsor to lower rrngve of complexity. As
will ire shown in tilts paper, c(,,n tile ise of s irpli istic models can realize extrminely
geooe2 crfrormig sliid aire C w.

"C Lr1)tral to all the factors in the optimal control frormulartion is the selected
ther'' or 'llrhodolegvy. lhe tle•or'v intorrelotes the ley ingretdients i h dictatiug tire
nit tircrtit real lorm of tire ma jor forriuIlat ion facctors. For instance, if 1 inear quadratic
theory is ite cltoscn met hodo logy, then t lie cost funimit iontll must be qiladrat ic ill form,
thre inisI lr rithit midel must be restr icted to a linear model and in general the system
Lcoist sario ms rSrcar dic t ; e t lthnt methldologe th;rt sireould ie selected. For iinstilrrce, if tile
missilt' math model is iroo1 iruetIn' of if tire system eCoIstrairrts must be explicitly enforced
ol II tire coSt 'rilrer lorral ciinrrot rt' 1 onistl rutetd as a triadrai ic equation their Ii

.''r ier- l ie! it r mctiho:l'lrogy rust Ire used to solve thie itroe llem.

ClIe dcs I oils n- m dl(' bV" the dies ign eng inecr inI tire gitidarce Iaw formulrat ion wi 11
i. im/it civ r tor i- Li, t - it te tre C l If-ct i 'It es.I , of It ii, result ing guiidt ince alI gorithin. 1Fire

uI cft i•,t'tl ;s o0 tire 1'e ulllt igls g1IrdLrIt'C Is i clIIves t wo issues, first, how well thie
g' l nltr r ;n' , I n o . (-it s t lit-c" r I r I ina miss n I rr i i re rr i r r rnt:i wihe 'n pp a Ip i tiel to real orldd

I truit iris l ind sLeceitd , i' tire' g idan e ii I iw t'a I n -ah Ie w I it Ir on - board senisets iand wi ti -i
trill tI l 1' ;0111iMtAt rent3a1 L et sttrrlrS t1 '.' Ill Iir'. I. rw o lI. albl I ity, tile tlilt im;tC geal is
tihat tiel' gil arLte lalW be i i closeI d form, requjii n ig onil informat ion that is directlyS;IvtIIibhI'v OreM olr.!-rard seCnIsors. Shorrt I trint z i r- to-ai r i n i'risrle:, normally empIiloy

.,s-iyc :ecI-'kers. 'Ile most ft'c t ivc guri&iirttc for mr isr s uto' sing passive seeker
i nf., r'ia t rOi ni rectly i'1, rto It tOl - it i ac.i i r; i, i i ). e -it I. a fi x d ir iav gat i rtia I g a in. A''
ltt','i 'iris v mI ntliýn t'id, riportional na ivna ;g t iti lpterfou rim> i ;ii dJt qla t'c is ir tire m dern air-
Ito air T :re1 ,:. "Ih' s itiat iion presents a di lesm a in mi s,' he guidance design. In order
to cmploe more r Iet i;'ive nr.iritne. liss met'. or irrfrrrmrt 1on ari'int th' miss;ile and target
1'9r'1 Ii kee's-n; V',',, I'y'r , if rn,rasrrren, ent tiev ices are added to the missile to nIta in this
r'i atm-;i tI r .t li hct li' tompIeni. It v I in sri > cost in resO C . lihe Si'Ilit loll tn t hiis d I Ilemrna is to

I]'( op; i r..l I c''>r I It 1('11 tor lill t v to i's Itr i lit nlndl - i inutc ll it i llo ititl t ieror . this call be
! •l,•'I lli' W lh: l! 1l 1, 1CI , I I-il } th " ill- ,~ ' c n o r ,'l l €)l~ bt l q .

tr 1. i• i 1 ' t11i,:1t iM! i C' I Mns or iilt' 'l s' ' rio( ' pot 'ip en il I"i'i ' if rlrott'lnt'rirt iii fi Itering noi se

I'r t'l -i r ir'•r.l l'l'' ri s e ,x o , I I' i I. I t i I it r i i ts t L h 1 1till C , At ii l ni 'e iC i m roe it; i t T I ' provide the

";Ih it' It 't to i mitv rn.'ith litt i c:i I Iv (ii s'"Vit" eu I t 1c ll rlet t u si ed sI' t st i t ci s's . "1 irs is

'1 Pos il t'ie laise te t tIer' iisI'V i ill ,I c. i g it; l t' I 'it I tilort 0r 1, rOVi des expl i it liSt' of
"' 1' 111 ! irr% lllt 'I • d'l , i hi' .0 Ill It ý tiln rlta srl , tt'i iiUIt mlc,!et , nr ; r]f .'ledgi' of t he meaisilremen t

H.,l~l' I !i! I t'l k i c . ;I -1" il:,iI t 1 U rt ii C prob i1 n is ! ei a t t v 11ia I tn th e
!114 v I' jlit :I , v p! o I' v'll l l rl I [I ho l FI li'l.l., ." C~ u' fI " I ; x 0 NC:,;I I e ' i d L-• I o f1 1 1 th 11h. ICI,re kI I

k• i lt' li o -u,, 'J I e' ! lv(. i' l hl Ih t ->1 rr I .ilr iierr ;lgori t it nl , thel t' :i' t two u; i' s l il -l 1i'h iC It s i.II

I ' I ; it l io t , opi' Ii-r';' irli I 'iri -I I I, ,. I h<I'-r ImtC I A I Int O l' . O cil- 1'.i0 {1, thie i i i ssi Li

• ii II
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model can contain unknown or uncertain parameters which ultimately appear in the
guidance law (i.e., lift and drag coefficients) and (2) the guidance law will be a
function of dynamic states which are either unmeasurable or corrupted by noise. In

S - order to adequately estimate unmeasured states, the states must be mathematically
observable. Simply stated, this means that the estimated states must be a function, at
least indirectly, of the measurements. This is the case in the missile guidance
problem allowing the estii,,ation of extremely important state information such as range,
range rate, and target acceleration from passive seeker and missile accelerometer

= ~measurement s.

k RESLARCH FINDINGS

This program has investigated a broad spectrum of modern control and estimation

cheorics. lhe major control theories that have yielded good results are:

a. Linear Quadratic Theory (1)

b. Linear Quadratic Guassian Theory (2)

c. Singular Perturbation Theory (3)

d. Reachable Set Theory (3)

eC. Differential Game Theory (4)

All the guidance laws that were derived using these theories perform better than
proportional navigation, however, all of the guidance laws require more information
that proportional navigation does. This problem can be solved by (1) increasing the
number of sensors on-board the missile or (2) utilizing modern estimation techniques to
e-tinatc the required information from existing sensor measurements. Since the latter
approach offers tie highest pay-off and tile greatest zhallenge it was the selected
approach on this research program.

ihe objective was to derive the estimation algorithms that would provide the
information required b" the advanced guidance laws, utili.-.ing the following sensor
informat ion:

i: . VI S i %C L.'k I I lhifot;:1ati il ii it c-of-sight angle and line-of-sight rate).

b. Miis ile body accelerations (axial, lateral, and normal).

"c. MIssle body aiikýul., Iatc.; "p, q , and r)

J . Initial ranie and range-rate (a ssumed ava il able from launch aircraft).

The .raiin estimat i-n t'icory used to solve this problem was extended Kalman Filtering
Theory. A numher O f different ;ipproaclihs was taken in deriving the estimators. Each
of thi: approaches resulted in different fi Iters which varied in performance and complexity. -
Once derived, each filter wasn analyzed to deteriminc the best Lperforraance vs complexitN)
Fppruaih i do riCvinigi lie eh c itir~ation algorithli. It was determined that the filter that
utilized a linear kincriatic state model with ti nonlincar measurement model yielded the
best perforrvincc with the least complexity (S)

1On- of the imost iip,,ortant fin,liniils in this research was that the performance of
thie. guidance law. is extreiiel: dependent on knowledge of time remaining till intercept,
comoniil referred tm 05 t me-to-go. It was d(etermilned that even the most simplistic

iIlcor yelded ignificant performancel:1jiii c la,,s derived using Optimal Control "heory yi
- iprovement ov-.r proportiontil navigation if a good method for estimating time-to-go was
criplovcd in thc guti dancc al, or thim. (

CANIIIDAl .\L)VANCIDll l lII lANIl; AI.ORlI11M

[ 'thie research lihts resuilted in the development of nearly thirty different advanced
•i i an.de ;iil o extinlo tion jl .lrithns- Obviously, all cannot be presented in this paper.

Iloweve r, to dI iaQ tize thli significance ol this research, the must sinplistic algorithm.
will be presented and compared to proportional navigation. this guidance law was
dcrived sii g I Iiiair Qiiadrat ic (; ias inn 'theory. The derivation of the guidance law is
given below.

S! A i I. ,MOhI.L

(lollsidle thec ciigagegi'iei:t sCcliir i delictcJ ill ligUre I. Let V be the missile and '
Ill, the targel .i hd

, - Missiles posit ion, velocity, and aicceleration vectors
I M ' l , relative to some fixed inertial reference franc.

i V ' targets position, velocitv, and acceleration vectors
I' 'i relative to the sinie inertial reference frame,

____________ ______
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Define the state vector as follows:

x = the target/missile relative position in the x direction
S (x. r -r)

1 T. Mx

Sx a the target/missile relative position in the y direction
2 (x r -r )

2 Ty My'

x = the target/missile relative position in the z direction
3 (x =r -r )

3 Tz Mz

x.= the target/missile relative velocity in the x direction
= . (x xx v - v )

4 1 Ilx Mx

x = the target/missile relative velocity in the y direction
S (x x m v -v )

S 2 Ty My

x = the target/missile relative velocity in the z direction
6 (xX =X v -v

(3 1 z MH:

x týec target/missile relative acceleration in the x direction
4 (x a -a )

4 Tx Mx

x = the target/missile relative acceleration in the v direction
f, t a -a )

I iv M"

x the targct,'missile relative acceleration in the : directionxe, (R =a -a

lh!is we have a line.ir model describing the engaigement.

i2 = Is

13= X (1)

i14 all AN,
ais t- 2II,

i62= '•,-am,

ASSUM1l'IflON ]

I.e aC =I y =
1 lz P. Ihis means that the t:irget has constant velocity in both

ma,,nitude and direct ion

If the control vector, u , is defined to be the mi ssi le accelerat ion and it is
:;ls;JuIned th[it t itLet acceleration is zero thel- Equationl (1)can Ie written in state
space tfio such that

x = Ax + Bu (2)

Whh re

040]

biekr c i i- an Ident ity Matrix ,i th d imrension 3 x 3.

an.3-and
x 

0

KK4  [-a*

l"P xl aI
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M..ftM , 1 ,

Figure 1. Major Ingredients of Modern Control
Problem Formulation for Tactical Mi-siles

Figure 2. Missile and Target Kinematic States Rela~tive L
to Inertial Reference Frame R •

ASSUNIPTI N 2

An imlplicit assulmptioni WaiS iade ill defining the control vector, it, as the missile A
acceleration. This .1efinitioqi implies that the missilehas instanta-neous response1
and complete contrel over :1, three inertial acceleratioi, components. Thus the missile

i ~~is completely and -ct .•:i,-.;,trollable,. This assumption deviates from real world

It

:tactical missiles; in tw 1:, ... F rs t, t he missiles acceleration is uncontrollable
in the missile bod 101 h•.~o e:allse Of t:e type( Of prpl-Llsion system used- in these1
1`11is s iIe s. Sec on• I,T the ,s '.. les' accc.lcration response in the body____ v, arid z (la'-eral
and normal) is riot inctaitaheous no•r iunlimited.

OP'TIMA~L CONTROL FOI•WULA'lIN IO

Thei cost functional to he minimizedl is

J= L•(,Ot SfM(,,) + 1/2 WIRY dt)

' ii

'"'

(;iv'el tige 2.S I C t 1 T:1; ,get 1 1.la titO , LqUctio)'Z), tS t l
o timpli c it 0 n ; op1 t.- o n asn bede terminc analytit In t ahe otr ve tolr iteas temist rAigi
forward bom te iotrol tch

cGiven J amid state equation .' 2) the maimiltonian is co n stru nrted. o-lb

-sWhese P 's the co-sath vt., tol ith dimcele ion r o x t o a a

Idud



The necessary conditions for optimality are

•=- =_A -

0 RfU+SP
ot= a-R7!'. t oll O Ic 1', ItO WIit tei:

t2 = -R-jIBI' .1(7)

It .ag IEut ion iinto LO [quat ior2)0wc get

" :< - lAR-'hi. 1  u
Ax - BR BS

I qCm 1--I a t i on s t .Inli L% e get

Tie R.holution to tLquat i0 (9 as c ltoril

.Ol tic Fit ,L..I t

F I:."1: t!Ie Vt,;Ll l) C'juat ýOliq W." ýC.t

ing Lijtai on. 1 1i :,! 1;, 1 t) can he d!.ttc i nhtd ni n;I 1 vt i c Iv and appi] ed
J i c tly to -itila ti oi " t i- d tIc cp tin.;i1 contl ol. For this example the contre .

: sal ti m is

b 1-t iI rillK1M!or Vg 'I~g@3 I ii X

Ihe thecory tIhat was used t o obta in the soliitioii assumed that tf, final time,
w as spec ii therefore, to InsurI opttI Il ity tc must be known a priori or a :cnrately
c i s t I irijg 1 dighlt

i!svix S I N GN A1,)R111 IM

Note I'rou the ghii;.uCC law (II qu ;[ion 12) that knoledge it- relative position,
c liti' I eloc i ty, wnd t ik,- to-go is roqilred feo implementation. 'hli s information

CAl !leO (011)1[AteC frt'O!" illi uxtclitled Kaiiall F)i ter using 3 I1 , - 'sI- itht a1ngle an1d missile
hot' ,: ;l 'lt'm c it ion I i 101si lre llt;.

uh fo:-:v, ;lkt iol. .,,!.Id ("i~ll ionl' tii~ll ,Icst-LI11 th e filter ijrc ]le..gthN, andl rather

% ... c tric w, rk'!-;'c, 1 lor the sikc 0' lirevity .w I 1 ot hc gtivell iIi tItiS paper. luwexvcr,
) C rplt de tie'•' c i , It li ot thie I t i I v It' i i lit Ch apti r IV of (5)

Sfil~ch It :t & o t )I i -iI aconplishel I lurthlr,

I I F' l l ii; I (,Is I- Is Il i lt I l t t Ii c i f 01 I h ! s oa i o I o CI n I i i e a t ll l r' "i

t I ;1 IslAt c . ti le - j I, I C IIP t eLI

Si I AAI I MI iii..........

i .. til itlW I Ii t 1 1 1t1 Is i t Igo

t.1 =ic -gt I;tt -

It
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Estimating time-to-go by this method assumes that the acceleration along the line-of-

sight is zero. However, this is a gross assumption in the modern air-to-air arena
because of large target accelerations and most importantly large missile accelerations
fnominall> 30 g's).

In order to accurately compute time-to-go we must know the acceleration along the
line-of-sight from presenh' time to intercept. This acceleration is the dot product cf
the target/missile relative acceleration vector (a function of time) with a unit vector
along the line-of-sight (also a fun, ction of time). Obviously this cannot be determined
because of the uncertainty of future target maneuvers. However the missile's accel-
eration contributes significantly to the line-of-sight acceleration. Further the
missile's axial acceleration is closely aligned to the line-of-sight for many engage-
ments therefore it will dominantly influence the missile's contribution to the line-of-
sight acceleration.

The necessity for knowledge of time-to-go arises from the theory that was ued to
derive the guidance law. The theory assumed that final time was fixed. Also, recall
that it assumed complete control of all three missile acceleration components. These
two assumptions are significant deviations from the actual tactical missile intercept
problem; however, they had to be made in order to ohtain a solution in closed form. In
reality final time is free (within energy and physical constraints) and there is no
control of missile axial acceleration. However, all is not lost. Consider the guidance
law (Equation 12) written in terms of the states referenced to the missile body co-
ord;nate system and with b = 0.

= 3 (SR /tgo + V /tgo) (14a)
m x X RX

A =3 (S itwf V /tgo) (14b)
R, + R

A = 3 (St tgo0 + V /t•o) (14c)•,1 R

SSRx, Sg1., and S1. are the three components of r e relative position vector SZ
referenced to the missile body and %'R,,, VR- , V'R, ar the three components of th-
relative velocity vcýtor VR rc fereiLce., tRh ,h c' - -.

Since there is no control of the missile's axial acceleration, in the pa
Equation 14a has been completely neglected, By doing this, a considerable aiount
of information is not being utilized. The following time-to-go algorithm utilize'
the information in Equatior(14alto solve for time-to-go and then uses the solution
to time-to-go to solve for Equations(14b)and(14q,

Asstuming that good iTiformation on Sp and Vt (these are obtained from the
estimator) and the axial acceleration, A'.j is mea trable, Equation(1 4 a) contains
only one unknown tgo. Therefore Equation(14a)can ue wr ten.

tgo - 3 VR (tgo) - 3 S = 0.
a x (15)

A A A

A x

Using the Quadratic Formula, Equation(lSlcan be solved to obtain

NI tgV + I + 1 S x -
-2 A x +x I Sg2 A (16)

lEquationil(,ias two snlutions. To determine which solution is the desired
solution, the constraint that

I in %Ergo)

II S

shall be imposed.

-k
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hith this constraint and realizing that VR < 0 if the missile is closing on the target
m i 

X

then the final solution becomes

tg = vax + 12 AM (17)

Substituting Equation (17) back into Equation (14a) the time-to-go algorithm canr be
rewritten to be

S* t g o 2 2 S R x
A .- V X ~ P + \ r x 2 4 . / . SR , ( 1/)

;The advantages of this time-to-go algorithm is that it explicitly accounts for the
effect of missile acceleration, in estimating time-to-go" thus it provides a better
estimate of time-to-go resulting in :iore optimal lateral and normal acceleration
commands,

CUIDANCE LAW./ESTIM.ATOR MIEIIAN IZArON

The ili dhn'e la", and -estimation algorithm ire cotmbined into a complete guidance
p' !s3kage. *he imlplerentastion of the guidanet- package a)il1 be done via a microprocesso, r
bmsed c'lluuuter such that it can be inteqrated into the total nissilen syste. A A block
liagrami representation of th-e guidance package is given in Figure 3. Ihe guidance
packai,: uses measuremrents remn the seeker an-'l missile acceierometers as inputs and
prevides acceleration coranus to the autopilot. The figure depicts the outputs of the
es!iiator providing t;iorliati tn the guidance laIx aiid tine-tc-go algorith,. 'Ihs
clonfC icgurtai on offers great tiesibil itC in foa- ve nf: e:i ,. sy stems t'eiausic0 it allows for
ca 0ýv Iracv[.cr1t a0 1he Cuidau;ce la%, or estinatsion algori thn or bath as net, techniques
6arc u111 , ' 0o ed- or a, iie,, i.. Ssion roqtlirenents arise.

AVX

SHXl "TIME TrOGO
ALGORITHM.

VHK•

MI4SSILE M

ACCELERATION EXTENDED Sky AOvANCLO •

KALMAN FILTER VY NGUIDANCE LAW% A2C
LINE OF SIGHT A7 L GDA I LA.

ANGLE I'

EULER ANGLE

REFERENCE UNIT

I. FIGURE 3 BLOCK DIAGRAM RjEPnESFNTATION OF ADVt•NCEO GUIDANCE PACKAGE

S1!; il:IpiC'elit 1 1 tie g I J al t,"st i' 1, t n~i :m I or t-5rs coi-!si e r at iouil ruII st be g.iveen for

Slie coor("l0Ilt- t\>.t'i i t' IN li t illut. 0liI t d at t -a 'a sr c nlcrc 0 . The secker
measuremeints are with reference to the seeker, the accelerometer measurements an-d

C 0 , l-:t1i-n t cIla'I 's are refkee:1ced to the i SSi-1 hod' ain the guidance state vector
is rtcfe, e1 Sc it-Itiii CCtditi i . Sy It itill t, aesIt reuints of 1tie nli sile angular
iultt5s -p, q, alil' i'i tile l.iter nleit's r'el- iti :l k tlic rofcrence is-ster to the missile body

+te: cal be. c'OTIpIiIt i, ',hese Igieos ,lie icq rc o) te"lertite tht' re'<:ired traInsfoiriaticli
I ' 2 15. 1 i ll r lellt in l 0i •cre s s t o e li&ii it , tills ne ed v rlo iJ f- ml g t il ui ld an ce

' ('l ' - ': ' I , 1 J ' ;i i ( d , I : ,

'he most ec nloi-iccai alo; effect iv' ictlh i'd to v at c ' l ' tlitillce aigoiithm is tO
-- iilI r.Lt i!t i ill a detailedl slilltlatioll of .I riss le >vsteir. a:id pcrfor-r: similj ated rlissile

s-Il t'-' t i iSt iWa iitit talgc , olt . iii %-,< Ci tpishLh Il the analysis of the
iKi'i ,.=:, c i'avkn i'pl.- c;ited ih tills p. ipe rI.

,• I1'.,h. f; .lI i 4 i.e pac'kage •SI miirea-lcion c'd -: a 51s ---d eicc- -ol.f reedor ii - li) :. ri~il51i-.

. ;il i I lli ft I 1 I IC'u1t: l lC 1) . S S1Ill t I . i $.' ir- tmo- i r r.;sf i lc . "Ihe ai titicl: containqs
,et;C'tri I*CeJ 1Il-! illcII l ,Ill A,1 li e] of thie r..I ,"r - I ' . s i b t.s teils il' tic '.1,ilig the sCo ket ,
"at it-i lot , or 1 lilt)- 1 N ilig ielintit I oil systc•,, i'ld , nro)ll I Siil syst-flos; , rea1i ist s t noi SC
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models of the on-board sensors and seeker measurements; detailed aerodynamic models of
missile airframe characteristics; and the models that describe the missiles' equations
of motion, Additionally, the simulation contains a three.-deg~ee-of-freedom target
model which incorporates a "smart" target nine "g" evasive maneuver algorithm.

In order to establish a baseline, proportional navigation along with well designed
low-pass filters for smoothing the seeker measurements was implemented in the simulation
and evaluated under the same conditions as the advanced guidance package. The navi-
gation gain was optimized to minimize miss distance.

To evaluate and compare the two guidance techniques (proportional navigation and
the advanced guidance package), numerous Monte Carlo analyses were performed for a
large number of engagement conditions. To accomplish this, over 2000 fly-outs per
guidance algorithm were accomplished with the aid of a digital comput-r. This compre-
hensive analysis allowed the generation of effective launch envelopes. The effective
launch envelope defines the geometric region in space from which the missile can be
launched and a mean miss distance of ten feet or less be obtained. A further con-
straint was imposed in that the standard deviation of the miss distance had to be less
than the mean miss distance. This additional constraint translates into a high con-
fidence factor of the Monte Carlo analysis. A minimum of ten Monte Carlo runs was
accomplished for each launch condition. If the results appeared to be sensitive to the
noise distribution then further Monte Carlo runs were conducted until the percent
change in the standard deviation was within acceptable limits.

The nissilc and target v:crc cc-altitude (3.05 kilometers) at launch and were co-
speed at launch (.9 Mach). The target performed its evasive out-of-plane maneuver
algorithm when the range became less than or equal to 1.83 kilometers.

The effective launch envelopes are depicted in Figures 4 and S. Figure 4 shows the
case for ,o off-bores;ght angle (the off-boresight angle defines the angle between the
initial line-of-sight vector and the initial missile velocity vector, therefore 00 off-
boresight means the missile was launched directly at the target). Figure 5 shows the
launch envelope for 40Q off-boresight launches where the missiles' velocity vector
lagged the line-of-sight vector by 40o. This is considered a worst case launch condi-
tion for the missile. The polar plots of the launch envelopes in Figures 4 and 5
dep:ict launch range versus aspec angle (the angl between the initial line of sight
vector and the targets velocity vector at launch). For instance a 0e off-boresight, 00
aspect angle launch condition would be a tail-on shot; a On off-boresight, 180 0
aspect angle launch condition would be a head-on shot; and a 400 off-boresight, 90
aspczt angle launch condition would be a beam shot where the targets velocity vector
would be perpendicular to the line-of-sight and the missiles velocity vector would lag
the line-of-sight by 400.

It should be noted again that both guidance algorithms (proportinal navigation and
the advanced guidar:ce) used passive seeker information, however, proportional navigation
only" used the filtered measurements of line-of-sight rate, whereas the advanced gui-
dance package used line-of-sight angle and missile acceleration measurements as inputs
to the estimator which, provided estimates of relative range and relative velocity.

As can easily be seen f.om Figures 4 and 5, the advanced guidance law significantly
out-performed the proportional navigation law, especially in the close-in arena.
Considering that this was accomplished without additional sensor devices is a sig-
nificant achievement in missilr guidance development.

CONCLUSIONS AND RECOMSIFNDATIONS

The results of this effort have clearly shown that the use of Optimal Control and
Estimation Theory for deriving advanced tactical massile guidance concepts can yield
extremely high performance guidance algorithms. Further, this can be done without
increasing the hardware requirements of the missile system.

Thosc concepts also offer the potential for decreasing the sensor accuracy specifi-
cations without degradating the total system performance. This could result in ef-
fective low-cost weaponry. However, there is a limit to this process and no studieshave vet been pursued to fully explore this potential. This type cf study could be
extremely beneficial to the Air Force.

It has also been shown in recent studies tha these to hnliques are applicable to
solving guidance problems for fixed (strapdown) ,cekeis. More studies in the future
are needed to pursue this potentially high pay-off technology.

Thus far only the development of terminal guidance laws has been accomplished via
Optimal Control and Estimation. It is feasible that equivalent performance improve-i ments can be made in other tactical missile subsystem technology areas such as mid-
iourse goidance for beyond visible range missiles, pronulsioi system design cspeciallv
in areas wheos partial thrust control is possible such as in pulse motors and Ramrets,
and in autopilot design. The application of Optimal Control and Estimation to these
areas needs to be fully explored.

-4
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In terms of mechanization, future work needs to he accomplished in thoroughly

defining the on-board computer requirements for realization of the algorithms.

Although these algorithms appear to be implementable in microprocessors and solvable

in real time, the Air Force will not be able to fully determine the potential pay-off

of these algorithms until this task is explicitly accomplished.

It should also be noted that the guidance algorithm prese!,ted in this paper is the

most simplistic of all the algorithms developed in this research program. Other more

sophisticated and more complex algorithm; have been dtveloped. These higher order

algorithms offer the potential for further missile performance improvemenos that will

be necessary to meet future mission requirements. Trends in digital hardware techno-

iogy indicate that it will be practical to mechanize even the most sophistigated of

these algorithms in future air-to-air missiles.

In conclusion, Optimal Control and Estimation Theory, combined with modern digital

technology offer the potential for the development of high performance, moderate cost

tactical weapons in the next generation of missiles.
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SUMMARY

Ihe segments of an example Terminally Guided Subrnissile (TGSM) tactical mission are examined to identify those

guidance and control modes employed in performing the mission. Special control problems resulting from drop testingfrom helicopter carrier vehicles are also identified to further define the elements of the test problem. Boeing's develop-

ment test program for TGSM vehicles is then described, ncluding descriptions of our terminal guidance laboratory

iactiitis. Additional detail is given on the laboratory configurations for testing TGSV,'s using both IR and milli'neter

"wave (&0M0%) seekers.

SDeveioprne'it of the real time Hardware-In-The-Loop (HITL) T6SM simulation is then summarized along wAith those

problems addressed through the use of the HITL simulation. The final section presents so-ne HITL simulation data gener-
ated durong our Phase I1 Assault BreaKer t'rograni. The data is analyzed and discussed to show its utilization in evaluating

TGSM performance.

LIST OF SYMBOLS AND ACRONYMS

TGSM - Terminally Guiden Subif ,ss:le Cl" Total Angle-ol-AttacK

IR - Infra-Red RLOS Computed Yaw LOS Rate
.% '\L - tihilmier ,Adue a -'aw LOS Rate Measured b> Seeker

HITL - Hard ware-ln- ne-Loop j Pitch Plane Velocity

g - Accelera'ion Due to Gra:t>, 'saw plane Velocity
A/B - Assault Breaker 6,- - Equivalent '"aw Fin Angle
MIPS - Meters Per Secono "1 Y,. Ait rude Rate

TGL -Terminal Guidance Laboratory I Yaw Attitude Angle
H (.gahertz Equivalent Rol! Fin Angle

RF - Radio Frequency P Roll Attitude Rate

LOS - Line-Of-Sight 4 Roll Attitude Angle

QLOS - Computed Pitch LOS Rate TAB•ff Flight Table Pitch Gimbal Angle
- Pitch LOW Rate Measured by Seeker TABLE Flight Tabie Yaw Gimbal Angle

INTRODUCTION

The Terirn-3ils iaided S•ibm:ssile (TGS.%) is a comirron elenmemnt to many proposed concepts for attacking second

echelon drliiu:. tFigure 1.) This paper examines an example TGSM concept some special considerations in fl;gnt testing
the TUSM, hoeing's approach to TGSMi developmeet testing, including Hardw are-In-The-Loop (HITL) simulation testing,

and concludes by presenting soeie HITL simulation test data.

THE TACTICAL MISSION

The TGStIt mission considered divides into four major segments whicn utilize combinations of Guidance and Control
loops. The first segment, "," is an attitude control node used nimiediately after dispense and prior to initiating the

dispersal maneuver. Segment "B" is a programined guidance mode used to implement the desired dispersion. SegmentI I "C" is a search and acquisition mode which is functionally ioentical to Segment "A". Segment "D" is the final terminal
guiidinre :rode used to intercept the target.

These segments are depicted on Figure 2 and are further dfOined in the following paragraphs in the order employed.

Attitude Control Prior to Dispersal - Segment "A"

This is the initial function employed upon release or launci from an example carrier vehicle. It rna> De attitude
rate control only, referenced to the launch or release attitude, or it may be integrated attitude rate refererced to a pre-

set deý,ired attitude such as horizontal or vertical. The TGSM considered employs a pre-set "vertical" reference attitude

init:alized fromi the carrier reference system just prior to launch. Accumnulated attitude error is thus a function of the
,n;tiahlzatron error, the drift rate in the GS•M attitude rate sensors, arid the elapsed time since initialization. Accelera-

tion sensitive drifts nay also he significant de',ending on the acceleration or "g" loads imposed during the launch se-
quence. Attitude rate control is exercised immediately following clearance of the TGSM control fins as the nissile is

launched or dispensed arid the fins snap into extended position. A short time ýs allowed for the TGSM flight path to sta-

bthze and to clear the carrrer vehicle before activating the progranrme, attitude profile to implement the desired dis-4 persal rManeuver.



Programmed Guidance for TGSM Dispersal - Segment "B"

S i The desired TGSM dispersal pattern for our example is executed by roiling each vehicle to a prestored angle and

then act!sating a prestored pitch plane attitude profile designed to terminate at a specific attitude and velocity. Initial
Assault breaker "seekerless" TGSM testing utilized this guidance mode with a programmed series of roll, pitch, and yaw
iialetivers to verify the liight control sesteii and the aerodynamic model.

Terminal Guidance - Segment "D"

(',r'i'l,'t!oi ,I the programiseid gridaire i,)'inetiver is followed by activation of the seeKer start search programr
1ri, * ts crrlir•'tlei •at "'a:'iJisItiei" r , l "C"'. fruportoLorri a guaddiicet l then util;zed to rorni oi'. toe acquired tar-

got. yrl,1ance gain anrd response tnri arc a coinprormse designed to achieve the linim11umI nirsS distance commensurate
wll tin- "ee ker atng;le tracking no!se and the requirement for adequate stability irargins in the autopilot controi loops.

SPECLAL DRuI' TEST CONSiDERATlONS

The control problem can be lurthe complicated for rertain tvpes ol TGSM testing, especially helicopter borne drop
ii - •2 ." . "•' , i s to tr ,,r t:,,e I Is j f, \sscsitt Vbreaker i.\A') TIk s f-or the hoeing I (,N-\ tes its'x, iir:, pressure

%,'A It".!. !o:11 a 1t.. i n uI a Ii tit . iil tia! 9 l!iCteis- r-seionjd Iti ) lrs ,' 1is0 ', to I" . higi. of over 1.) x 10'
.ra:isi'ieter

t at tirne user i 50 ;•lrs velec t: a. p:lcl. i ite re,;"It Wxas 7 req-irrer:net ter a corepensting gai, scnedule to
Irralrial.r.; r~er r OiSrta•i i:o'trol oftei Iiselr's' ttn'rnigrnt tie ir,op test mission. Macintrng adeqiate stabilt\ margins
tI-,s crq-,ired 3 very close iratt.h bwtveeR ;tre pred:cted velocl:s'-tirrre proei!e used to establish the prestored gain sched-
lie, (inui to r ',,K' it ai't-.irr veios its -triu e proltres tllat mi,,a es•st in a "rear world" Crop test.

THE I-)IfVELOPMENT TSlT PROGRAM

is " vi mIti I i: .'-, ' "ru Iil .r J V . tlst ,'rogr._r . is resets ri ,tjit I to ti er i. oritrate d accurac *n r •impact -i- tire

ti.,pit. i s "r -'.• ¶ ir s rcs v.an i d .d dcvii i, 0 iiss - oii i. !',,1t im noA sl;rsit - is of hittl, value ;n iLling the hard ta gets of

II ri-is-s , ~i3-i' o,'nstr.rt;ig: trec rs'qi;•r• d n-n r s d', tJre -ist irn,;.rrs'r of TCSM rorr'ru t;s i's reqc:nres a high level of

ir ,'. -n.,- ,.-rtci 'l, . , i, ' ta r . -, - ',C c t.t Cs'! i,. K gro n ' .; t.. r. r's' i t c i, rri , rI eel I'd .l. a v !r t !:ve r.:r1r.m t ,r

ri. rll, i r, ul W ,I ,. ':. x : i ii. 1 is t t t .nrt t n a t r s Ircnai'J nh: s. ' 1s0rsc -i '. . fo r real w o r d ba ttIe f e id fi gh t t en viront -
iirerit 1 i 1 air .rc, arnere tine t iasn nun stii ser% Ii-mile . sour the -\1 sanlt I'reaKur ,no! .A.SP programs have utitized

is!:1 papr.', Our i ;!Verir .s primloarily riici lgii~aslii tIernormar'.ace. ike f-erc.ore assirne that target acqJisitioi
hids o:v.crred an, \o eXs.iiiiit' tihos1e tests reosiWii to refine or v-eras, t1.e s1,tbs'ste!r nmodels iI order to finalize the guid-

W."vc in.oo -ontr-M loop )ard:neCers. I Itlilzatorn. cI these iorels and ,diranreicrs ri teriinal guidance srmuiat:ons provides
-ir' p-idare pertorrina:ree DresdIctXois am-a W ,arai.-eier sensit.l!,ies required to predi(. t irlS distance. At Boeing these are

""''VI olc:i r;tator' er "-NI. Coiimp" '' simr.itors 5 tmt:x:tg rnathein•rt:cai 7iodees ortireic. •uch ssirulations are formnulated
eIlrr, -. a rrtr' r i o.tr'rrhs refi nerh 5• W-iril tunnel tet.zs art co:npleted aid individual components of subsy's
t,.i n: I .: (r'r aa!( ' ' i -fl, afld iis. r.-r' s ,ca l.oe ;,'r irode , veriicaition. As t:rs occurs, ire test progra:rm enters

c-vit " • c l t'rue Hii.. ra re-lir-l ir- -Loop'(fil L) test pha•se.

IBTL SIMULATION TESTING

iii L s l:i.l ;.m Im h te .ele" "i.ai ; r j !!e " s ,;i lat-jrto ai ith . )p ,'oprarte targct ind rrt ssle niiotior. sirrru-
!.tos", ti" .• .r,.!ie; dt.•p.caic tie s!ah en-trr,,ut dV ia•i•iru iitsrac t and t'rio 'v issule rotatiunal dynar ics. Target rau'tua-

iIs' . t!.(r !-rOl'r -rtq.j 'i;( -, '.'d'0 Wlli.th V id •Iths tire aptliopriate di' iml ics arnd signature chdarcteristics

I. -II, ,M tli.Lg 't tri-Sir n•.-n-l*p -tr'tr . l-'t, I s o ru i urlorct! is%:,ip hra t..are siubst i 3r.i , for diCi lereit .jbsv.St(mIIr

r "o'te iruti it.irinci :irtli tvie freal tigpht r'urtmt;cation testing •rh:nc h Jthi/evs the entire 1GSM unit as stroAlin sn Figure

3. 1lfree tests arre Per forfmei' i boeng's ler inal Iluaifancri Laboiratory (1G7L) shown on Figures 4 and 5.

Terrminal (uidance Laboratory ([ L)

Sl.inpit ,imlatorr In tire I (,L pros ir(s dh, i'iiicna r"f a3,1 qpec ral; s allcf tarqet signdtures for seekers opertrneg in trhe
(l i f &lir, ;"it .,: ::-v,,,•m, tic' 2 t. L ' ,2 g~c ,ins-r•' I W ) r[itt i i onf týire lR dio Frequernr fRI) spistrumi, arid zh"

'r -, .,i.r . (ii lf ,.r V iln' r - G.l tI, Ir,1  LIti). i .lr if is ,iper. " u-.1¶ ti-st o ins:ierurltirns .ie res ri(- ted
hi. , t If irs' i 1, 11!., 1 , A 'I.

5 
5 . Ii ii I -,ir a -ri's-. rii-t!.-x' 1irni cir' ng , [- tra ,' IfI ssa r , r cýL fis Ik

lr. " i r.u x.,I, i Mr', l %,s .. .i' .ri i :ri 'i: t '.. \sii isn n,"... I pu'rr s heo\%, the ••,\A test acr ityti, ursec for the pmilr,:oI mlce the seekriQ i~liipt or1 gi.ntuitr' aicrirac. is pruri arilf a ftiornt,!n of tie an•le amid ý.:glf rate tra(-king no-sc

-iilr il. ite finil pi•na of , i't, .i. target sbrnrsJuath)n fa( fies wxere deseflopiJ first for the pass:ie mode which is
1ii ',er~i bN irtf Iocmi, .\ssa, :" 

t
roifr r .ud •'\bf' VW ,\t A seekr's for this pflase of f.,ghit. ifoth seekers were developed

I's l., e; r' ( n l m-v, am•-' .i:l:il/n n,,"tl it c..e irode for netter tag7et disnrii-'inat.on and, longer asquJisitiotn range;
no.-r £ , .. in rs.as-nng , Jli, t inssi ' .,I ( .Ise ram-ge willth e a•cti, e :n te forceS a sl&itchrc',-r' ton passive operitiaOn wh;ch pro-

\]'(..rS c ; o1 'ir rs:5 c icy'cl t i n ig tJis' cr;li( la) linai fO liruiip.
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I °I
While dynamic MMW target simulation for the active MMW seekers is desirable, Boeing's facility .. r providing this

capability is still in the design stage and is not scheduled for completion until late 1981.

Missile motion is simulated in the TCL with a three-axes dynamic flight simulator built by the Carco Electronics
Company. The flight table portion of this simulator is shown on Figure 3 with the entire Boeing Assault Breaker TGSM "
moupted flo test, 4

Figure 6 shows the varian -72 computer complex wh.zh implements the simulation equations in real time and inter-
faces with the different laboratory simulators, the instrumentation and recording equipments, the TGSM being tested,
and the operators :onsole.

Laboratory Configuration and Operation for 1ITIL Simulation Testing

HITL simulation testing utilizes the TGL facilities to excite the TGSM1, subsystems wisn external forces and radia- A
tion which is designed to closely match the external stimulus that would be encountered in an actual flight.

Figure -7 depicts the TGL configuration for testing an IR seeker guided TGSM. In this configuration, laser radiation
at the proper wave letgth is reflected by the two-axes mirror onto a spherical screen. The increasing angle subtended
by the target with Jecreasing range is simulated with the spot size controller. Computed relative range and velocity
drives the spot size controller while computed flight path rotation rate drives the two-axes mirror. Detected motion of
the target spot by the table reourited IR seeker generates inc-of-sight (LOS) rate signals which are input to either a
flight control systemi model, or the rTsM flight control system haroware. Either measured or computed fin angle signals.
are input to the aerodynamic model which outputs pitch, yaw, and roll signals to the ti-ree-axis fl.ght table and mirror
and spot siL• controller signals for flight path rotation and range closure. ThL subsystem computer models are pro-
grammed to duplicate the known subsystem dynamic responses, as well as dsviitions from these "mean" characteristics i
to account for unknowns and to do parametric studie3 for system optimization. Eyterna, seeker noise can be input
%kith the twko-axes, tmrror, or electrically input and summed with the seeker output signals. Different seeker blind
ranges can be sitiulated by turning of the laser at different simulated raniges. The simulation is initiated at some
prugraimmied range and velocity which are inisaligned by various angular amounts to examine the effects of target
acquisitions at different ranges and over some band of search angles. Each run is terminated when the computed range

vector goes through "o". Target miss distance and various simulation parameters are recorded and used to evaluate
Stihe TGSM being tested.

The facility shown in Figure -5 is used 13r testing TG ,M's using MM'1 target seekers. For this facility, simulated
target radmat.ioni is Ienerated with an array of gas discharge tubes whicii are programmed to provide the same apparent
target mioliomi ind growth wit". rai.ge closure as n time IR lacilty. Figure -8 depi( ts the laboratory configuration for I

L testing TGiS.M's wilth MMA target seekers. The IR and 51MW simuatlion functions are identikal except for those associ;ted

with contro:'ing the target simulator. Figure -9 shows a MMW see;.., mountcd in the MMW laboratory flight ! SIe.

The capabilities and constraints of the IR and N1M% target siimilators are shown on Figure -iC. £

flITL Simulation Development

The initial Hardware In-Th--Loop (HITL) testing consisted of opeti loop modeling tests on the major functional coin-
ponents which are the autopilot, fin actuator, rate sensors and seeker (Figure 11). After each hardware subassembly was

f!own in the loop with the others s,mulated in software, the subassemblies were added one at a time until the entire
missile was flown in the hardwaic-in-the-loop simulation.

These initial sumiassemhly tests consisted of taking sufficient open loop test data to obtain the tratisfer function for
the assembly, The transfer function was then implemented in suotware that would run in real time. After all
subassm'nblies were modeled or sufficient design data was available to generate a :odel, the ,eal time simulation \as
generated using aerodyndmic data taken in wind tunnel tests and the in. lei data. generated for each subassembly. By
using design data to generate preliininaty models for harlware-in-thee.loop simulation software, the software program

development progressed in, parallel with the hardware and was ready when the hardware was available. As each flight
configured hardware subassembly became available, closed loop test data wv.s generated to develop a more realistic
umodel.

The resultmnu c losed-loop models were then used to update the computer simulation, which was then used to evalu-
ate the effect of the updated model on system performwnce. lo obtain adequate performance, system gains, bandwidths
atid dJeadj zones were lirst adjusted ai thie system software model whi,-h mltimately required TGSM hardware or software

4 modificatmons prior to the tinal flight -.rtilicaioii HITL simulation test. As each piece of hardware was added in the
fig', the optimization process 'eas repLIed until all hardware was flown in the loop for the fina' optimization, This

final optimization involved repeated simuiation runs to examine guidance accuracy and stability for the expected range

of drop test ronditions.

After eamih a,_tual TGSM drop test the flight data was reviewed and, if required, the hardware or software was niodi-
tied a, •'eI as the saltwarm I;cr the IIITL smnulation. The optmmiimation proce',s is continual as better nlodehnix data
becomes available and the hardware matures.

SSoimme uf the problems addressed by hardwar--mt-the-loop testing of terminally guided sulimnissiles are:

I. Seeker control loop optimization
2. Seeker output filter optimization

3. Guidance filter optimization
4. Autupilot software conipatability
5. \utopilot hardware inadequacies

6. ',e-eC r soltware,1hzar•ware inadequacies
7. A\( touteor dead udnd ,tnd rionhlnear jtle•



Discovered hardware inadequacies can sometimes be compensated for by software and thus keep hardware changes
to a minimum, This occurred a number of times during the Phas.e It Assault Breaker HITL testing.

* The following section presents example hardware-in-the-Loop test data taken in B~oeing's Terminal Guidance Labora-
tory prior to some of our Phase I1 Assault Breaker TGSM drop tests.

HITL Simulation Reults

Figure 12 is a top level block diagram of our example TGSM guidance and control loop. Initial HITL testing of the
integrated TGSM utilizes the entire missile to examine the stability of the autopilot attitude control loop, iirst for the
"attitude hold" mode used during segment "A" atid finally [or the terminal homing mode during segment "D". Figure 13 is
-I time plot ou the four fir angles from launch to ground Impact as well as the six discretes ised to sequence TGSM
events or record subsystem status. A study of the discretes shows that the tun is inittated with the "start gyro" discrete.
followed by the "launch" discrete which activates the TGS.M digital autopilot program. These first two discretes are
input through thie rC-M umbilical cable and would ue generated by the launch control system on the helicopter. The
"launch" discrete would activate the launch inechanism.

The stored program allows a short time for the TGSM to clear the launcher before tiring the squib which punctures
the "actuator gas" hottle and activates the control system. For HITL testing, this discrete supplies actuator gas through
an external port into the tin actuator system. Homever, a limited number of HITL tests were performed with "live"
g.,s [,ttle squts thus using the on-board actuator gas supply.

The "s•iker s-ar( it" disc.rete is delayed to perm:t , buildup of serttcau velocctt and dynatoic pressure stll [ici.'nt lot
tIe repaiired maneuverability. A two stage "seeker lockon" is uised to ensure solid target trac:kicng trier to closing the
-,gcdance loops. A cdrop out of the "seeker lockoR" discrete lust prior to the "erid of t'he run" sh.fies that the seeker Ilot
tr"i(, on rIce tdrget lust prior to ground iocp.cct. T.,c "break lock" conditaio near icpact ts not uncommncnO as the angle

l, ivi•iei b'. tile target ey'c):nds exloniie:it dlly sear irnipar '. EIxamining "liSi, distance" seisiltivity to the rat'ge where
"brced- lock' ock ur' r. ati eXarlipCe oi rutle klilnd Of tracde studies l)t'i tiilted At Iti hit hIIL i.cttUfatioic.

F:' ic:t..lt I for tIke run depicte.'d on Figure i3 was relatisely iwell behaved. Iuritig thi iutiial lhig'tt with low dy--
liai;t i)r'ssscre. larger fin angles were required to maintuiin attitude control. As clyrtamic pressure built up, this lit, angle
I',' .it,, rendt' c~d In :,agtttýide u•til tl;e ''k'cK-oh" tranrit'tt Ahen tie guidancc loep' wer' closed. On(- this transient was
i•t~ss.t. I ticvi I - ... iiiN settled down, uit no, to as jo, I valuhle even though dtfniai-: pressure coiit;iiied to rise. This is
die in tihe "angle rci Ite ti(king noise" on the gidab.ae sg~nals from the seeker. The sotieehat larger angles oil Fir -I and
[i' :- J'J->t Iran , -r to ':i.l 'i:, l'. a (, o in-ttot ; "flt( '' -ai-' " arc(''ita ver stict' -;wi lisssile is roll stabilized to a '"' roll

'Alii'. 1! biset Is rIl(' u;tgkil_ Uc-twemiii' 'l; ontrac lits

lgure 1I is 1 tauCe piOt of th re tine rate g•ro outputs which regtster t!te attituide rates resultinig [rot the fitn angle
i,,.,, s- shown on I i'ture 1 3. The rates follow a sit•'ilar pat t rn to ih-t exhlibited by the f!n anigles except for the roll

axis I l're due to the le"- iilO'ament off ;:nertia, eseri small fIi angles produce sigit:cicant roll rate activity. Ut equal or
1,re.,il' conc'ern woijlid "e any large roll rate transients that lighl occur at launch a-lien the low dynatiic: pressure results

i;i 1: iiul cowitrol authorty. his 1 lon(iern regqjires that close utten1toi bv ) pac; t tithc desirit of the launch mechar'.,m
on tire carrie. trelic:,opter as well as tie proposed tat ti al ca.irrie vehcle.

The matom pirtot,i of HITL testing to evaluate attituide control loop stability c3n be perlormoed ,i shout the target
seeker hardware. This can bL" uctIcomplshed with either "shorted" seeker inputs or a nioise generator input to simulate
seeker noise effects. ilowever, to evaluate hinting performance or TUSM Impact accuracy requires first the seeket
hardwkare for exensive, open-loopl tostlgtt, second a valdatzed rr-al-titne software simitulatton for all TGS'sf subsystems but

the steker, a:,d third, the entire integrated I L,'AM sehl:cle :or final flight certification to achieve a desired Impact A
accuracyi or '"lis listaitll, '",

1!he oplin-looli seeker tests are designed to dettermte or verify the seeker transfer function. The par'tleters of
ldeterest ire tile freqienicy: irsponme atid tracking Iimito, the i'earity or stabjity of the scale factors for the guidance
sinrials, ti;e bias acid a'cgie rate tracking icoise on thecse signals, the sensitivity of these signals to tenperature, TGSM
.. twtude ra;e or acceleration, cross-cocli)clitg betCeeti seeker outptut ýsigrnals for tile two axcs, and seeker blind range and
i0% arittlon wil thIc environment or target/background comrbinatton. HITI_ testing provides only limited data on blind
railge 5,arcalcons . r o'utp'ut iginal seisitility to teitperature o: a.celeration. rhol.ever, it does per' iu an evaltmvcoi of
tt" ''ciss ;cis;uic e'" rt's,iJts Iroui such 'ariatiou•n .

Well des~gI ,ed seekers generally satisfy most of ti(c hotning requireccents which are normally iderit lied tic tme sub.,ys-

t(e, or itterhice specil'cat;-mr. Ex( eptions to this are the angle rate tracking noise and both cross-coupling atid attitude
I rt" oIt .,, , c O' I-PII;ig ilnto gth u iace igni ls. 1 I .-latter p.ratri tm'r tecnds to he well-controlled for spinning dish or
stahltiezd 'lam icrhi se1'ke.rs, but cu'ri be large for body telerenteed or strapdown seeKers.

High c ross- ' oicwg 'c tsuites are olteci measireth during Initul seeker testing. Nornially the IIITL sittulatien facilties 1
erv;u ccll i ir::crate i't°,-.ulreiiim',tt of this riu'lcllity lhiw-h cnn usually be reduced by eoillpensatcon.

Ai',h. rnati' tr,' kuig •ome is genr'ra'ly the defimic purumeter %lit Ih lhitirs the alumevable TUS,•c horning perform-
,Wi'- " , I gur .I '; Is I a ; l, ,sci eýl S. lpii ° of toigi' rate trcti kijt1 ' ro lNsc' l o[rtt'i as a ov.er sp'ctral derisity. These curves

.'lyw i r iwtl I li. si'-kenr hrc'pic-(t rt.•l')O'In ' .i'd i hii s shar -cu-t-off cc l cthe rugionI of 1, to 20 hfertz. t iliatioti or
'tnt"..' Igri lc[r I CG,..'t giidmic I, woruld fhl timr lidut thie piass bund by udJusTing thie guidacs' e filtler downward until a
[cr1't dert rteus(e tic ruasec.d the mcciscs f'istauice.

such a a c-fa,ce filter optlmicccat on is c-irried out using the seeker hardware end tire ,alidated real-time software
l %It'lsliottu for tic" rr,';i nc tig TUSM stilsystelts. These "closed loop" seeker tests examine the extremnes of trianeuverabil-

It'. r'ipi relicts resilticg fromt htfth large target off-set angles ani rcicnniurrn acqItfisition range or horning tune. The
rr'l lt in c co:-Ibtt attoil of gUlddi( vc ),Ici acid lllker respons is desigifed to provide an acceptable tniss distauce for the
aggregate of cýuc'littons acid 'crtertirit;'s In nie test ,*r tactical irissioci.

-. J
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FUGPT CERTIfCATION

Optimization of the guidance and control parameters during the HITL closed-loop seeker tests is followed by flight
certification testing utilizing the entire integrated TGSM vehicle. Figures 16, 17, 18 and 19 are examples of such flight
certification data. Figure 16 is a time plot of both the computed pitch line-of-sight (LOS) rate (Q LOS) and the measured
pitch LOS rate ( f a from the seeker. Also shown are the total angle-of-attack (d) and the resulting pitch plane velocity
(z ). Figure 17 presents the computed yaw LOS rate (RLOS) and the measured yaw LOS rate (64f, ) from the seeker. The
yaw plane velocity ($) resolved from the total angle-of-attack ( () is also plotted on Figure 17. Figure 18 is a time plot[ of the Equivalent Yaw Fin Angle (6, the resulting yaw attitude rate (' ), the integrated yaw attitude angle (4'), and

- - I-the Equivalent Roll Fin Angle (
6

A). Figure 19 presents time plots for the resulting roll rate (P), the Integrated roll
angle (4), and the pitch (0 table" and yaw (4 table) gimbal angles from the three axis flight table where the TGSM is
mounted.

An examination of these HITL simulation data plots shows similar behavior to the fin angle and rate gyro data
presented on Figures 13 and 14. The computed roll rate (P) is a close match to the measured gyro roll rate. The meas-ured gyro yaw rate and the computed yaw rate .r) are also ziosely matched, including the lock-on transient which origi-nates on the seeker yaw LOS rate signal ( 6 , ) shown on Figure 17. While the computed signals "RLOS" and "QLOS" are

n ot used in this simulation mode, they do provide an indication of proper seeker operation. A comparison between the
* computed and measured LOS rate signals also shows the significant modulation resulting from the angle rate tracking

noise as shown on Figure 15. While this noise is producing rather large roll rate oscillations, it is no more than 15%
of maximum rate, and the resulting miss distance is acceptable. Reducing either the autopilot or guidance gain would
reduce the roll oscillations, but would increase the miss distance. Increasing the gains might reduce the miss distance
but the roll oscillations would increase and further reduce the roll loop stability margins. This would increase the
risk that a combination of vehiclh parameter uncertainties, operating conditions, and a noise spike on the LOS rate

* Isignal could drive the roll loop into instability and loss of control thus greatly greatly increasing the miss distance.

CONCLUSIONS

The use of real tine HITL simulations for development and flight certification testing of TGSM vehicles provides a
versatile tool for evaluating both the subsystem components as well as the integrated vehicle.

I.
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,4



A.10 TALCM

CSWSOR
"F w \•ASSAULT \

-B REAKER

Figure 1. rerminahly Guided Submissile Carriers

I b----DISPENSE
I 'A

I - -DEPLOY

I i \ -

- - - START SEARCH

ILST I ••• ' " -... - - \• \\\

- --- TARGET ACQUISITION

AD

I .. -- TARGET INTERCEPT

Figurp 2 Operotinrg fyruenrce



25-7

J1

-1*

ii

Figure 3. Dynamic Flight Simulator Withr TGSM
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Figure 9. MMW Leboratory Flight Table With MMW Seeker
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k Figure 10. Millinetre-Wave and IR Target Simulator Facilities (capbilities anf Constraints)
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!,id ir :HI c..I .\ ,ipo!,:, h,l t" Ili: tit'i,,ir'J hi~tv vr,,," %\ -&, r ,l 1.h 1rd,ll'il i -iltil (10 ~ no lt ' Ihk. .!ý, O i•l.• l' tl,' iT Il lc l

\,,' ,'•:i. .. 1,1c il oll~c'l ot~i ll:al giilll-111", S,•'.'~c'r hoi\v cx~clkl'lili •.h ltl .ld .•. l c hoit kx~l~ i•,,- l A M,i! -l

%%., !:w, i ~ Dl;lit t l i -- i) llli2 fx',C'llt %cm t' ih l pro\ll:'; -, O~l h ' .i d [(cl.I ) )r t~ict't ik •t.ld l~P ikQll dtý ,Mlil' ,.lk

st.kt'cr h liiOt a5:iisl ;toti iirilt'tired ttii . I ilt'i %t'rs high raditi Irt'qiicncx, stsltills lvm e ptt ,il.al lor illiroVed rIeoliiollnt

' ,titii Ftliit'sI ' 'i/ nn l, iutil n'lati'\c tO r idar :t,'kc'rs p'rscc t '.t In tit ' r itltti i~ii tm 'iittr% . whin e' iciiniitiiial te•C llclit

,ititer-' w',ilhit'; 'ii.lr i 'i i ( 'hIlt! io.ikii p t .Iiito st

I ` . h - - _l h W- \-,MlIl ,ll--tO - -l lilt- \:1 I l' ", I iho im or\ - .\l.I I I h ,
,poll'ol, ,! ,I 1)i,, i iim tk il S),.Icmi, ( ontrol. 1-:,.. (,1 1'110 .,\ihkl, CJ: 1,) ýl•'!, J .h ,i11cd ,iCI1,IIOli 1;In l~ill tio of \],\I \%,
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t ¶ seeke.rs. I .v-gt'ts, aitd hackgrouLnd clutter. This silitilat ion allows the weallon systemi designer tile lecxibtl it, to investlgate
- current an1,d luture NIMW sensor and signal processing tecliniquLes wit houtit the expense o1* a lrdware developnIIn[t and test

A programIl.

tr It I, re,.teuniii:/.i howe\er, that an>, sriiilation is linited by the degree to which it call •e validated with Cxperiiiciital
or flight test data The jitirpoc oe ti, paper is to describe: tlie ,NI W seekcr mindels. the data which is Used to
validate tile-e iiiodehs, and tie ialidation iemlits which Ihasie been obtained to klate. T'h1e jiriiry data sOLurc tor ,alida-
tion or target and backgrontid mlodels is radat terrain signature neasureimients. AFATL is presently planning all extensive
MNIW signaturc nicasoureilieit program to obtain the necessary data to complete thle iodelig activity. In general, the
ix.ens; remlilelt ,.tiiiiilnii( has h._,eii criticised ior Lollctiiig daha that is of little] or no tise, to thc user i'iitidellig)
:olillimi llty. I o t ,,,it hiat the reitUiired t.pes, htialilti.V, aiid qualily o1 IlleaSureil|iiii data arc collede.d to stihppiit thie

iio1 lling task, i01de1ing pnersoinel hic bceii iitegrated into thle sinlaltre measureimniit p)rogramis. Iie-'s persoiiitel have

providled IIuIIs r lanilii ICrini ;',, sei'' c tiii tto data .iliiiratioii. a, well as tile dala ied ciitiol ,11] caalaoging ol sigiaturc
iri3islire.inltits I lie S!gii:itlire., caskirenini protgrami wkill hte diSe, SSCeld Ii1 ;i lIter %s tiullh.

Fl, detection siiiilxlti;io undi r dt'llopiiicit is partitioiied into three iIIajor miidels: Terrain. Seeker Data Sitrea.
u aird Sekei l'ro,.l',''siLe Mol•',. "I t'e"l'trr:i Nloin odeli tilt' .iOistrurtio' ; tit a se•kcr-xnrlhdepei'_euli clutter nIp ontisisting

ii ll [.ir lni\. '-'C ''.:xi u.l, tl ,hIhp' Ih' I n It' : ' it toiled• iliito it''''liitii:r 'clls ill'\c't i i)• res.",t'iidiiig to the'. hiili.elhs re.si~tll iiii

E',.t .11i , i Ie s.c11s • (d .i'. iit t l .i Fl llc -I-or 1-iNh pixel, l.illili'ii cl lci is en'cralted Iron. ilth ld.istit 10tuiil

1.:s 1, i 1td with the t'I'.:iii t\ ;,,' WI Ml,.iihil I ,l hul.cl iis 1 aicts I t:ill,,ke tart,s. ,c Ii he strategic ills 11a,.cd (nii thle
S-ap. I'nc. Seeker Ilil:! t •trii-i ol .l PlDiers the te liil c']llt ter Inlip to alih c tilt e se.,k r resilitioi n of tlteres;. I tie

I, t. I- AlIiI ' 11 O1 the. lI'.: ""- ; a i s ' ree: ",r [ s llt ) i llitlon i V tl m I itl' . As tile, se ,.ek r s•v, ps h k• and l otiri

1;. 1 .l 1 jolt J :l ..l . '.I , it, 'l 1,. 1, ' !i , ;1 , IH 'lle"n c illltl ning the t,,.ke r d lte ,tir tlmat. li' Se keul.. ' i i sii.ll
\ttllc il A:l s 1i11x'i:, I L the" ,I' .t i I li:i it,,il ite se.. kci )li .: S h':lni \l •,ti l Ill ;, iiiIiim .:r t..llisi %.iil \% ill the:

loie c'll• I, ý e, Is'. te seeker I':i:11 -, s:xiiiiael. \\ 'liix,'c.r Ih, Iw iteeseil dpr~ '.,a x :ic a ll ,ht 'c ke tirge ,,rii u ' a ietet.-

t!iill IN ii kl ieII I I tileil ttit1 in lilt',s 1 1 xsii -i L tl 1'0l. 1it tie 112',', mitl whlitm, rc l ils' i larilin aiid kecps "iack throughoul

2 L LU I I I R \l(IDLL DI_\ LLOI'\It N I

Il ttedtl tom s\ihiitiii tiled dotcctiuoi of h;ard tasets ,Isci as ttll s) III a ,'luttr bWIkLgu'ild by a Milliiuiter-W•,a
\,I•t\, i,';,c ker. :ii. ;IC'ItreI,, repieselt, atloll to tof a I .iitir backglO tilLI Is reutilired hisil i. iiJ ItlIttIt ot till' tl. llel 15,

lcdescI'ittmil Il tie aptlrcuxich Mitch was taketll iI1 1lotheiig tile cluittr.l %0tlh a clear deltnilinii of tele assuiptiii•ts
llixIde. xuiI I tlisiuiNsimi o! tihe wk rk xiciiiim' liNlihtl Imi \,didalt lhe.se, assilllllltito'I.

"2.1 Terrain Modeling A.pproaclh

Tle tc Ieclltl'ies I'r representing 1 clutter Ii a MIMWIV seeker detecLtion siiiiLIIaimii tail be dividcd iito three b_•asic
t . ,tlh'rtiltiies

]t )eter•iilii i ctlutiter ilxas I real tdla)

S " I IIII tl.il t tiltkh r iiii1's, 1 r.,el xCrrJlii tea WtlCs xwiit SIi stati s ,ilsluareaLs)

I I Sti1rittic l Ji iti i.iia ,s.

tI let 1 r1L'. istit chutIt+'r real1, . sii,, c i it ' aei" I .'. tli•". l Ir d'c-Il ' hi hi, ' ,est lit Ilr s tirt: it i!tm polt ill thli. INIW seekeu

" -P. It..' t1,,Ii -ll ;Ixixu tl,,]i l ,Itee , ,i.'e t l tN e,' i nmk'1 1, ire ie'l:.l ,li-l tl h rL% i .lxr in eI1 e' heii. ' asel ne to tillpart' seeker ssst miii

I c il, h .. ,I1 'lout iii' .I t ,l hit,i,'l huh or I}'. l re I1, .,lil , si.,1iisi,.' lll ,'t,. hII wever. thes' ii.' in ms iimp ,,s tIl'I :lliullt ll lh'. till,' N'etIker s knlimtlIH l ll lls 1¾' rilm : it lil•- t.n.llt•.etl rs 't,•h ,i dctm essiii angle: railge. an 1d1, tight ]mtll)
I -, ' sI h:t!. tilt 1. uII.il1 +h1:1! l (it l.i sith' iiii I his uiiux1 th II' ,i iiiti 110 h111 td u;Ialinc'iic pier'tlimr •Ixiiicct s iii iV.ich lich

I i1: I I'•,• l .

I I 'lii; 'i' l , t i li'l N .l " li11 n ,,ii1t': Ie.. l 'll;m i i k'tl J l',''it .r , mi,.'l: h" ieu hl ,.ilt ' . mi dl xit u ichu1,, -lI iv, litts. roIm .l,,

i l x'iii II ll J'. ,, lll• r ii;'. i '• il, 1'x il sll ' .,:! v.Jil-li m .I l . '11 -% I RA,+ ,lx i t 5I. It 'iIll. j 'A i ili l I•sil•il rt. ,11 ,I lil li fl
1, \P Ihj~ " 1 I I- I+. ''l kl 1n ' l1,% I ý, l l l t ! tI , +,i ljII ' % I 1 .v

SI,' lll ,.lil itl ". .1i'xix iix.. ll, i' ti '. llii 'l ' i." i i." ,ii,5'' tu l Ixv n1v t.',l v hii' I IIhu l i hi ,iiiu s . is •ii t ' ttusitl ,e I l it '

2 I: lf! ",li~ l ,iw.1iwt' :lS'ti ut t (I Is(I I[Il 11' v, .11,il 0 1 i Il-,..I . .). ',llll ijll1M ) •i Ik'l'kk ' i
", ',l' '. ,'I'.No ll 1 .11ll ,l ln I-:l u 'l ,' n ' i t ." 1 . lil: i"' , W ( h J' 1.'l i -p a, • " I r.ld lc l 1(, lit -h I il' ! •'ml lil it' I<;~ ' , n otII 1 L';Il11l+1,' "I It,'

! I~~d .•l nl~~llln', h .: ,III.' - I'r•1 1 i . • 1, T , ~ , : !':H i dh ilt " I:,,i - Ili•' ' •1 1( • I% 1 I(it i l t h I Iii 'i l l rt ,

S• • ( IIll t let .S lAll .1It. ,

h lt l Itl 1 11N,,I~ ; t.) 11 1 i l ,1 11 U 1 1 1 1 j~ l
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For this tI>pe of' mtiodel. thc assumpttioti madc that cach subarea can be generated independently, with tile statistics
rcpresentatise of tire type of lerrain being modeled. Lach stubarea is assumed to be homogencous; that is, the statistics
within a suharca are the same for tue entir. subarea.

J hc ,l tiicr' iaj) is gcnera ted as an array of clutter reholittion clcnicits (pixels). The radar backseatter coefficient lor
each pixel iII a subarea is assumeil to be a rarrdomii sample fromsn a Rayleigh distributtion, ie"prsenting the temporal
l'UCt'aioLi0II scintitltllatin io0 •icll ciltter rts'Volulioii cell. 11'h nard backscattcr coefficient lor each pixCl is, in tUili,
assuiried to bc a railltoiii Sample from a log-normal distribution, represcnt big the spatial flucluation of the average clutter
level within ia given homtiogeneous area. lin addition, it is assurined that Ilie spatial clutter statistics are not independent
trmo I ttxI to pist, that is, ttie iiea ba.:kscattcr coelficicnl for adj•.selil pixels is correlated. This spatial correlatiot iss
assoiriCd to IlaVy the Iorin o1 a I11f' spatial power spcctrUIIIi. I

Iiasetl on these assuniptiulls. sshliilh arc obtained from carl> clutter signature ncasuircnt'wits programsl2 , the clutter I
map can be igenerated. on a .uhbarea-by-subarca basis, a,. s.howli it' FiguLre 2. Fach ot the IilterLd, (Gaussiani clutter satples.
rcpresienlcd ty ftil density ItiictiotI

PA)X I v'TsIrot) exp (X 2 i2a 2 ) A

.,tr Il tii iriiisliriicdtt hv tle expressihi

y = IUX:I_

to proutiix tou--ioriiialk distilbui'Id :tluttC'r sthikit is chiaratcrife'td be the dcitsitv Iillet'oi

ILI 1 ' n eli• 1 hoglyt -- lWg2 ) t,

Ihip nio;i-tilii'ai tir,ii:irlititii taiisc`. s tiiic tisltirtIoII o1 t "e I I p•.itiut uiscr s)t.'ictuiii . htmii vcr. it tias, be'nii sh llo i
3
.

h a• I irst Ilip iromilt atioll. ttii1 tllis tistortim' is negligible.

Foi 'lc i itt si'utii t cll ii , h r tiiiitt:,t., m l lc i m ltit t'i i~i l'. a teillt o ril ltluicti;tilli. mI slliillatiiii. rIIis h lie

lilrok'loucut. (I o! -. iirr, -tl' liaiit trIiuiiii t1", IiIhiiiltatioi V is chiaoae cri/cd I' a R• i lcigh uleiisity Imiill niil give-ll
1,

I'(X) =|iN/n) ,:'\lI |- N' 2o'

slCI. et Ii tilk'lcllrtid h5 til> " 'wamlspe Iroiii thw log-n,,inat dhslribiltioli bl.seossCd aii\-e.

lFm tlti si"Acker., iII sllhilh aI vadt+haiid tranInisii ss avchoriii is pro,:'sst'd itn-coit.reiitlV to reutO ce the ait1outIt of|"
st'liititll�rtiile, it' hc i•,iiilti•M is, nI•tt that ilic telinporal statistics arc the adtr'i Of ol a iiuIIbe"r ot R•uilcigh randoti vmriahh.e,. I
IsIil t'lle ceitral hllitti L I coic'll , it t.i11 be" S WioS I lhdl t 111a ý,|:nt I .t 't i Icn lt: alliO llllate suilii a Gaissiati rai idoitm %ariahile,
will•t ile at'tlroli ilt iiit,111 hbacksc,ittcl •e)d llill anii d \%]illh the ari:iitcC reduced by tetIiic tIubcr o! degr•ecs il frecdoin il-

Ili: Jtt'(Jihliieic ' .Is'f,i2iii ý wkii\ctOiii

3.0 (LA:I II.R MOI)I L \.•,I.IIA-IION

.\tiiiiigti till ,iihstiiii'liI',i ths"it''il ihi se-|lion 2. ti'io'iliiiimi ttilt' MNINW utllhtr backscaitcr tltislics. ate tbact'd oii

I'It'S Iuiis iiasIrelllt'iitis oils.C rt'Ct'iIlt . his ;11. ; lm itempi 't'lhcl Iiltl to ,.i•tiiatc Ihtie assulllitzonýs lisilig tlatlt it ',|MW
lrchteit' 4 

..s S •'rietilll, t[is" ,iiidationi is bkeig itt'rltiltid ii•ing two dill rent Olnproes OJt ol thtse" is to diretly A
stl IIIiihtt tilt' ;ilti 'lrlitriic Ntttatlýti's 0 oI Clutt'r I'.ucksL•altcr lrom \1\1\k bakesc;itttr djat takcii l', L- ,)Ii [ iboralory at al
in (11,. iA i Ciri p rloirltll i cl oilhie %,itlitaili lapIrtoadihtl to lii}littttreth ttit' iiutt (it ai c.ck_ Siitilaltnll, lIowit -

i.',iiist a, sl•tit l tirgt ir',. it teile ill'ii l (i, ;Ii at-titl vkekLr iro I a laptive llight Icst. I hc results it ItIese Nso
,tl)l*ttroItdJ s1.irt' tlstiiS'td ill SCtI o1 ns 3.1 miid 3.2, rc 'l,cctis'ly .J

3A I loile Validatioii %kill 16l (I ('hlutter Itackwsalter Data A

Ith dtlii .v.shiIicd ili tInsk s.t, 1tiiil t' pt't•'l were gatihcrol nu'r til' Stn~kl.riilgC tesl silt' lhi•r Rout, NY. I lhi,,
site "Ni' -..iIIIii'ilitl , Is Sti IIwi 11) tle nm i' II I cu-tre 3, sslttil the \%i•to t-d ai.as rt'trcesClHit'd It' ttIc. cro s'tdii atcl. d .it'.is. a• d

it i tliiii. 0•, , 11 taiillt' e t'i':ý s wi ili a• iiiii•',.'r

ti:c ll.t,i sierv g•ai.itvlr with ti .1(, tII/ ratanr opcrated 'y tirtioltn I-ahoratotiy, Ithis Is a ntulscd radar vstti a iatig-
t'oltitin l-,i!:s1,ilt lse 0' [ i ,it',',slll I i(d M| :111N d ;t PRI: oii 4 KI I/ (Is Itall> ). li total tiitc'ti't'uilse agile :antwidtth

tI1 th- r[.tilr is \Ij)) N I/ 0oscrt'rct li 32 stt'ps I'hc ,lie.ii'Ii i ipro ito'ts akin i• i i i : llkl,• i is eieeltttticut sitred i ll aill]ittuith, .

%%iiti i A )..3,3 ir. 1 'tr .I/'ut iiith i'e . hiiikJIiI au-iti a1 'o ,ttgrCe Cte'iliiiii1 Iti'.iiuIwittt 1r.

SI it d.la ir" ci t 'reio 't I I), itig I tit' iil;i it iiii allilttud ol 5 J tieýters itc ;id rapidll y swe. pig tie bliriri, i) a/lmiuth .

Jit rFOSs ttiost, ir i',l I i iL ll u I it' I ."'sik linii Vt•l.', 'inlltdl Is tCit3 sampii lted Ct t tr i u ilct.l, Itn, ri glllat l . 'v1d
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0.25 degree in azimuth to produce cluttr maps in the format shown in Figure 4. This is a map of clutter reflectivity, "Y
-which is the clutter backscatter coe-ficient divided by the sine of the depression angle (oo;Sis 0) . 'Ihe reflectivity

values for these malps 4ave been averaged over the 32 frequency samples, and the Iilsh RCS values are shown as the dark
areas oit the nap. The depiession angle for these scenes range fron' 21 degrees at the long ranges, to 50 degrees at the
short ranges.

Amplitude statistics of tI1e radar relcctisly, -y. lhase been co'nputed for se.ýcral i:Illriit Sb•,sts of tilheS clutter
maps. At this time, only the spatial statistics have been estilnated; that is, the reflcctivity in dlH from each pixel has been
averaged over all 32 frequencies to obtain an estimate of the mean rellectivity for that cell; Then the cumulative distribu- -

it, lls Ihave beetis cII opitd lot thicse in isan rclfectivitics. The en nuliti,'y density ftiaction for this average for dife'lreent

SpixCs IS then Plotte nI1l GauLssialn Iprobablility paper is a flsction• of y un dlB. lExainples ol these distribution htiLcIItsus,
are siiosis iii liViCs 5 alld 0, tor woods and grass respectively. AWith tfIe assnimptiotl that much of the clsitttr fliicts1aliaIis
due ito indeleCndCnlt IfrecUlly saiiples have becen removed with the averagineg prIcess. these c'ursces thein rcprcscnt Ilc t

- spatial clutter statistics. '[• li reason lui plottilng the cumulative dfllSlit !uliction on GaiAssia. paper is to dcteriiinc the
quifiati\'C guodis1s1 oh It to a fog-t.lritial dillfibutionl, .epresented by a straight ilt- on tlhcsc tI)lts. 1 hle median Y Iin

dli). p .. siid the sfdjiidirld deviatinol Of the logy values lil (ldB), o tar these areas are shown ol the curvnes

l-I'ii lie pIke iI fI1 iýwiloilaltsc dnsilnt liiii.,.l, I l(i tires * sllh II it tan bek" ccii that most fi dita tfed ears Io
fit a h01-1F`ti'iiI dl,,triiifO1i. 1I'I sN01i1 of fie thafa oMIi!w,/CIt. theO hliL" end O il Ihte c:tir,. llatfeis outl. It is -,itlefar al this
f1i1iitt %sl1. but this elhc, f Ilifelli he atiriblutcd t ti a es largc scItferrs. l-,r ','ulit tjaIsct". Witlnnl the,. tIpplosedly
hfiiltlolgtn'oilI. ;irej wslhiich was chluseii lot aiialysis. oloss-e, llilyal),is tisiig coiftrollfd terrain areas \%IfI he COlitdLtctd Io
ret,ol\e •fhls issue, ls. .:\I, re'iltetion in tuse slote ot the los thft, o olisie oFfli. i i"ths., us, sIiOwill III p-lure it, is t>.liCli ol -

sclislir lills t f'Itt)', t'i l ic i i' It" fi iloolh iliiit factoh r. lit)os,, r, if'ppirosl:iiif, 7,ilctui.mit m ,s oif t\,•.'%.tc u s•ireifl-to'i- ise ratio
tSN.f I) Itr i[I;', snsor tITi.ifes sl.ii it sfi. , ifl tt I"I ins.' I sifl h1i lie 1,ilties of1 [11Cit'kstatter 0c1ii.ellseiltl sliOnsi lt tnhese
ct'svu.,. foitllod,', . flit fO\% tiitl .if Lfil. curs•e IN nit0 ol greact it'i•.est to ottleir oflii fi;irgf-iii-clutler sN• s':ifNs
hltca.iet iN OIslIs fihe largesf clultter valuies llit teilfd to l•e defteefil Is f.lfsc f.rgefs

Work vs hiicfh renisf,'sff Io he do•ie is tio ci•lifulfc si ifu.,iIitiLive ''gt)odiiess-ol-llt'" o:' the data to the fio-norfifal distrit'i-
iton is effll as others. such as, fe' \Wltiffll distritnltiol . Also. tfie freilfcuicfi scinillation sfatisntcs ahiot tlue frcti~ieiicy
IsC'l ill I.,II be estllll.tIfd . s fo1i1ilii 111fi u ograitis tlflit .til fit'tiitl'ls .iiiiflft5' or ; .O cfi pl\Ise. dalt tlhiei .iser i'fiff ii•stogra:ii'

ost rI laltusitfr of pixefs III i givVui :holtlOigelcfois are'a

In ,ddiiit'ii it, .,tisquthitg tf•c ,iii,'htusd ,Litit.. oi fe:,.M .!;0 'fk:, ti!:st:'al erriit''n ,if OIt'' clutter waii eStillilaifef
bhy itu. fillilg tile spaltial l[iwcr spectrumi -)I the rllefticify (i). F-requency ascragilig was performetd tfi reI11o,,e as il.L•ii

s,.iittlllf,'ti is 'iossiifle. Iklelteis its. not lhg-ifl'e ciuit a. ssas usd iII tfis 1s1,if` tis. a1f. for siiiphlicity. the oe'rall mcal
sa•iifal rclfietiify wais stibtrafted Ifrom the tnmear reflectivuty for eafih clutfer ,clf before the slpedruin wais cOlli)luted

F:alliples oi tfie spatial pisler Sp1,e:ctrum1l for the wooded Subarea whose statistics are showl ini Fiptire 5 are shown i II

:itirues 7 and S. I hucse arc the aeiiiuth and range "slicess", respuctively, fromutfe two-dimeneisional spatial lower spcctruii

itl the Clustcr. Also shots ki til flese fiurees arc plots Ill the I I spectrum lwhich sas aSSLhiiefd For the clutter lit)odel'S

described in SCci1oli 2 It cii: be Welt that for the ai.iuth slice, this :s a good 'ismuniilmoinil: Mullfe, for the range slice, it is
nit lFur lhis r-•.lisi. folre work retinitIslI to he dJne in1 alidafigti the ciffttr splaitil correlation for MMW clutter back-
scattcr. AlA1,\ If. is ilannin ii c•itu' sf ,isef clufter hackgtouiild Itlf'jiosrcit'mhl progr.iin %iihich will be disctssed in I I•lter

c. ti)l ,AnatInsisa ol it'e dkits cotllected hliriltu fhis progrd.int sholdiiff allow he fli'cllillatioll ol tihese assii.llfstiols.

3 -..2 Model Validalion waihi %i \ MMI% Seeker lest ID)ala

I Ili: s•t"iont ; lllliitliI fit elsffer iodtet'l .JIllfltuti) Mtuech hits been aiseiI uIm lhis prografi is fo coillsfiare the SMifltilf(tcti
:set'kt..r 0tiff1isif lit A sNf'Cilt. IL'fldill aft fo thfile altii seekr Ititl O 1utf lot a c.fllitt' flight test over tile sIiiame terrain adie
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4.0 BACKGROUND/TARGET MEASUREMENT PROGRAM

To provide additional clutter background data necessary to complete the validation o! the MMW terrain models, the
AFATL is conducting an extensive airborne, MMW radar signature measurement program. The objective is to obtain high
resolution, well calibrated M.\IW target and background signature measuremen', data which Aill support design and
development of advanced MMW seekers and target acquisition algorithms; this will be accomplished, through the use of the
measurement data, to ensure a thorough understanding of targets and clutter characteristiss as they apply to the modeling
and analysis task.

4.1 Measurement Data Requirements

The requirement is to collect enough data to allow ,characterization of clutter background returns. The major back-
ground types to be collected are-

- Forest -- Rugged Terrain

-- Plowed fields - Roadsides
- Rocky fields - Embankments

- Grass Tree lines

Smooth, terrain - Single and small groups of trees
- Rolling terrain Natural false targets

The measurement program calls for the collection of 200 scenes in which homogeneo-', background areas of the
required types can be found. Those kindi, of false targets expected in operational scenarios, such as fences, railroad
tracks, bridges, farm houses etc., will be included. In addition. measurement data will be collected to establish seasonal
and weather effects

4.2 Measurement Locations

The primary thrust of the MMW secker development is an antiarlmor, Europeani batletfield scenario. Nicasmiremnent
locations werC chosen t) match Europeain climate and topographical leatures. Th..m programn calls or NI M , meastueentnts
at ole site in tlhe continental United States (('ONUS) and two sites in Europe. During the huropean deployment bNth
INIMW and Infrared IR) measurements will be c:ollected concurrently.

The Northeastern United States has been identified to replicate climate and topography (plains. mountains, river
systems, and vegetation, includinig soft and hardwood forests as well as pastoral and agricultural lands) ound in Europe.
Fort Drum, NY has been selected as the CONLIS neasurementsite. It is located North of Watertosvii, NY in the North-
ealt region ol the Continental United States. Fort Drum and the local area satisfy all :le fators considered, except the
spatial distribution of background types fouild in EastWest European border areas. Ilowc~er, it is mmikcly that ally
other ('ONUS site vwould be better in this regard.

Tv o lmeasircinemnt sites have been selected ii; Elurope. ()ne Il the Northeast (;GriaTail pliia ;mid the other in the mid
to Southeast regioi. ,Mclppcii near the Neilicilands bordef ha.s been selected as the Northern (;Geri i1 plait site.
L.indsbcrg lhcatcd approximately 50 kiii fromii Munich has bcciin .lcctcd as the test site that is chara%tcristic of tlec more
Ihill) Southcastcrli region ol Gcriiny.

4.3 Measurement Parameters

[ie background. target signature imcasurcements A.s ill be collected using two active (radar) sensors operating in the
'reql•enicy regions oh 35 and 94 Gil,. These radar sensors will he installed in an airborne platlorm (I)1 IC-7A Caribou)

SiThe airrait will be flown at low SpeCd' along a race-track course Both sersors will he pointed at some li.,ed depression
angle out Of the rear cargo door and simultancous 35 611i and 94 G(llz measurements will he made. The pcncil beam
aantenna will be scairmed in adimnutli to ilhininmatc a swe:th on the ground which will be 100 miters wide. The scene is
dcclopcd by bush-broom scanning, using the inotion of the aircraft, ti• csllcct data along a 2500 7300 mclcr scene.
l)iit: ti the 100 mecter mmmcJsurvilnent sccime width contraint, -o)l' data will be collected from adjacemit swaxhls to providc
data Ifor nosaicing to forim larger terrain maps. Sensor data and pointing information will be Cigitillly recorded as the
sensor scans (ile scene. in addition to the natural cluttem. calibratilon cornier reflcetors, bench inarks, and man-mnade
targots ot intcrcst %&ill h, plaked ii (the scene A groimnd troth Ii aim will be located nc;er the target irea to collect nicleoro-
logicdl data.

Mecasureimeint data will be collc,:ted at 12.30 anid 75 depressioni anglc,. IExpccted resolmtion area (3 dB, tvo-,ay)

dceriniiicu froin radar beam footpriiit site (beam liimitcd ) for a constant siant range is given in Table I.
laoth radars ,i,cqucntially transinil linear aiid circular polarization, and receive parallel and cross polariLatioin.

I lie pilarizatioin is Switched last emiough so that for each pass all polaric tion information is asailable. The 35 Gill radar

sensor has a Iotal hiid•dwidthi oi 51 2I Milz covered ina lo steps .) 32 MIz II c:ih. Ili addition, the trainsmit waveformn can be
ssscpt in Irequelny across the 5I 2 MII band. 1 tie 94 GIll sensor operates only in a widcband noise node for cillicr
band hunted (50 MIlL) or Aidcthaiid 1240 MHz) operation. Buth radar sensors operat-" prmimmerily in a ionicoliecrt mode.
however, toe 35 (ill/ ý,%1semi, cal alsO ope rite cohiereiltl, to gather data applicablc to NITI anmlysis.



TABLE I

Sensor Resolution

l)p ri-i t on .I igh' Rc i" bem tti .1 ic'

15 3.6 NI 2

30 ctmI

.35 GIl: ,Si •/e'n

75 IXoA ;Nf

30 35.7 M2

12 28.1 M' (4 M range gating)

4.4 Data Reduction

Raw data collcetlcd in the lield will be proccsscd to red uced orin and put in a coin puterived data base at 1'gleii AMAI
lor use by (;O.'eriiincntal And 1)DO) coitiactor personnel. Redticed data is defined as scale',, calibratdc data which outside
dcvelopers cani usC with high 'coinhlVCene and iliinini data explallationll.

In ordcl to Cil•s-c the qlaliht on the data. a fairly cxtcnsiLc Net of data chlcks and calibration procedures havst beCiL
established. l)uring the data collctilon ltlighls anId imiliediatcly after each flight (post-Ilight . quick-look data analysis will
be' *,icuiiiplishcd. Data minitolint ctltieilqieitt V ill bte ciipltcd ,mi the airmralt for real time monitoring of the digitally%
rc:ordcd iIctclr rCcordls ,s sten ,iiC iCeastureiimeintIs. apparcnt signal-te-nuise ratio, and tile quality of' tile iCeaSri-inltnt
data.

I li trad.ir c ilibration approach call, for both scinsor and in-sentie calibration. -ach channel (amplitude and phase.
for each polaritattin) will be calibrated prior to and after each mission. This will be accomplished by recordimg an
iiitti lldl Ie•I'ieii' saglll 4 td eIutkim, ii on calibrated rehercinc cor::cr relecto~rs ILtaced in ! st'cciaj! array' on the flight Ihllt
Iln attliton to the sensor calibration, additional ailts will be iioeided in the sceine or data calibration- To serve this
Imlrpose an aria% itl calihbiatitn .ourner reflectors will bc placed just Icfiore a ud jo af-er t[lie data collection ground scene.

"I his array includi;es 2) reflectors with five different RCS values. It is expected that processing oi the' n-scene reference
array data, cniiibilled v, iti OiCe pre- and post-IligIhi ;alihration. will result in absolute mncasuremnent data accuracy of better
thail 3 t.l l.

Due to aircralt ilioitm. the spatial distribttioii 0l the data is skewetl. Using inertial mInorination frtmi the on-board
iicrtial •i• igatitiol systeilli and ii-s0ciie optical bench 'iailk data. the digital background nicasUreinent data will be

ctirrc,tcd.

All oft Ilic litter data %sill ble al , zcd belorc it is cataloged to produce, in addition to Clutter maps. the mean and
salialke of tihe 'piall ai•i ticllptiral clutter distributitons, and the spatial correlation function. lhese parameters will be
ctompuicitl for chei ildeiiitiablc. holliogcicoti stuibarea in the clutter artay. There will be a data set generated Iar each
Ireq .te•Ci. d,'pltrCsion an le. pilari/atiion, and scenc ty pc Trhese ;iamlyz.cd data will be entered into the data ba.,e.

4,5 Measuremeits Data Base

iJo iir'aiice and miiake av'illable to the Uscr c'omimiiiunity the NIMW target and background signature measurement
dot...1 Al il is tlctlopiig a ioiptiiti'rilce data bausc. ('trrcntly the data base exists for inlrared (IR) data and is

S.urrcitit, being expianded to include NiMWM data. Tilc Target and Biackground Information Library System ('IABILS)
is a eiicoiputcri/cd directory alloMingt titici SerCites. IhOl) Agencics and conltractor pier'onnel requiring NIMW or I R
""nc.islirceineit (t1lti acc•ss to Ilic AIATL tala base. 'hlie TA\BIIS directory systcm allows easy identification of specific
iaiiitial n lo tlt' ust e ,,r .lc musrcini data cn bc iliiti licd by targert or backgrtiitd type. Ire(c(Ieiicy. polariration. tlati
h.,isln~lth~ Ii. s,.icii.ii, or illccrulhngicil i.i.Jlrac.te• sties. 1 hiis directory is ,icce\sible throiiigh iciltite comptilcr lerniial to

thc I .Om11 Al It Malth L.,urir.'r . Altcr rc't]iirtl datla halv c,:e j itlcintiticd through I AlBILS. user' rCtluCst thet dteircd
duta \ dwlt'd tI'li will tl•e'l) ' Clegeiterted Aiil ut01 to the lI.Clcister.

"5.0 S 1MNI.AR

hIll, .' Au 'Icm ,IIIIIiineut ! ,ubunrator,, hisliltpiord the tlvev.ltlimecnut of N1M\• se+kei. targct anid lerrail uitoitl.

iu 1 iile lids lt' Vie l-cd to exaltuate clrreit mit littuiic seeker systeLili tltSuius1I I ir thle purpose' ot adsancijng
N \1\, Ic.ii '. iii the trca 'i iltiantnri or ilipli-itiins '[hc Kcs to I.xul 'L.' r alisti. sliilatii Is are accurate st;ltistucal

- clutih'r I'nick., ,lihh:r iiittiels cdci u ld o•l l,•hpu lhit-sc xx irk ill, sd dalat , it illpear, that the spati.jl u•t ulati\c tlensu'

Ilk -A -- = ~-
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function fits a log-iiirmal distribution. The spatial correlation function has a I A' spectrum for an azimuth slice of the

-data, bUt -ulitatively this does not appear to be a good assumption for a corresponding range slice. I he data which will

be available over the next y)ar from the terrain background signature measurements program will greatly facilitate the

dcvelopment of realistic terrain models.
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